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Abstract: A comprehensive analysis of the microstructure and defects of a thixomolded AZ91D alloy was conducted to 
elucidate their influences on mechanical properties. Samples were made at injection temperatures ranging from 580 to 
640 °C. X-ray computed tomography was used to visualize pores, and crystal plasticity finite element simulation was 
adopted for deformation analysis. The microstructure characterizations reveal a hierarchical cell feature composed of 
α-Mg and eutectic phases. With the increase of injection temperature, large cell content in the material decreases, while 
the strength of the alloy increases. The underlying mechanism about strength change is that coarse-grained solids 
experience smaller stress even in hard orientations. The sample fabricated at a moderate temperature of 620 °C exhibits 
the highest elongation, least quantity and lower local concentration of pores. The detachment and tearing cracks formed 
at lower injection temperature and defect bands formed at higher injection temperature add additional crack sources and 
deteriorate the ductility of the materials. 
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1 Introduction 
 

Magnesium alloys, with their low density, 
possess distinct advantages in weight savings. 
Through alloying to enhance strength, magnesium 
alloys have the potential to become lightweight 
components for consumer electronics, bicycles, and 
drones [1−3]. Especially, for the current booming 
field of new energy vehicles, magnesium alloys 
have vast application prospects. Magnesium alloys 
are typically fabricated through casting. However, 

casting is a high energy consumption technology 
with the process of heating metals to the liquid state. 
Compared with casting, the semi-solid processing 
technique provides an efficient and energy-saving 
manufacturing method [4]. It compensates for some 
drawbacks of die casting and can produce materials 
with excellent mechanical properties [5]. As 
reported by OKAYASU and FUKUI [6], the 
Mg−9.0Al−0.8Zn alloy fabricated via thixomolding 
had superior mechanical properties than the one 
made by cold-chamber die casting or hot-chamber 
die casting. Additionally, higher fatigue strength and 

                       
Corresponding author: Xiao-qing SHANG, Tel: +86-18317039626, E-mail: xqshang@sjtu.edu.cn; 

Xiao-qin ZENG, Tel: +86-21-54742301, E-mail: xqzeng@sjtu.edu.cn 
DOI: https://doi.org/10.1016/S1003-6326(24)66712-9 
1003-6326/© 2025 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 

mailto:xqzeng@sjtu.edu.cn


Li-dong GU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 749−764 750  
higher crack growth resistance were realized with 
thixomolding. MATHIEU et al [7] reported that the 
AZ91 alloy made by semi-solid casting possessed a 
corrosion rate 35% lower than the one made by die 
casting. 

Thixomolding is a kind of semi-solid technology, 
which involves heating metals from the solid state 
to the semi-solid temperature, and breaking down 
dendrites through stirring. This process ensures the 
uniform distribution of spherical, equiaxed, and fine 
primary phases within the liquid phase [8]. Through 
heating the barrel and rotation of the screw, metal 
chips are continuously transported forward and 
gradually transformed into a semi-solid slurry with 
thixotropic features [9]. The slurry is then injected 
into the mold with high-speed to form the product. 
The entire process is sealed, and the material is 
controlled in a semi-solid state without achieving 
complete melting. Besides, the thixomolding 
process does not require protective gas. Therefore, 
thixomolding emerges as a green technology 
featured with safe, environmentally friendly, and 
efficient production process. Additionally, 
thixomolding technology gives easy access to 
fabricating metal composite [10−12]. 

The microstructure of thixomolded AZ91D 
alloy is composed of spheroidal α-Mg and 
network-like eutectic structures [13]. Based on the 
characteristics of thixomolding, primary solid 
naturally exists in the materials. The amounts of 
primary solids greatly affected the mechanical 
performance [14]. With a solid fraction below 20%, 
the internal primary solid and the eutectic structures 
determined the properties; as the un-melted fraction 
became higher, the interface between matrix and 
eutectic mixture played a dominant role [15].   
The change of thixomolding technology induces 
microstructure changes [16]. According to previous 
studies [14,15], the best properties were obtained 
when barrel temperature and shot velocity were the 
highest. When the barrel temperature was increased, 
the solid fraction was decreased, the grain was 
refined, and the material got higher microchemical 
and microstructure homogeneity [15]. 

Solidification defects form during the 
thixomolding process [17,18], and the barrel 
temperature affects the formation of porosity. When 
the slurries were heated to a full liquid state, the 
melt flow would approach turbulent mode [19,20], 
and the possibility of porosity formation was 

increased. Solidification defects generally have 
irregular shapes. LI et al [20] conducted a detailed 
analysis about the defect formation mechanism of 
AZ91D alloy in die casting, and identified two 
kinds of defects: the porosity in defect band was 
related to melt flow and had characteristics of 
stitching seamlessly; while shrinkage pore was 
induced by solidification contraction and randomly 
located at grain boundaries. Defects determine the 
failure of metallic materials [21,22]. As reported by 
LI et al [23], crack initiated at the gas shrinkage 
pore in die casting AM60B magnesium alloy with 
less externally solidified crystal (ESC); while for 
the material with large and complex ESCs, defect 
band acted as crack initiation region. For the 
analysis of internal defects, the non-destructive 
technique micro-computed tomography (XCT) 
provides an efficient experimental methodology 
[24,25]. AZGHANDI et al [26] conducted an in-situ 
XCT experiment to determine the pore evolution of 
AZ31 alloy during plastic deformation, and 
revealed the slower rate of pore growth in the 
fine-grained materials. 

In summary, the cell structure of thixomolded 
magnesium alloy is distinct from the ones made by 
casting [27]. In addition, due to the variation     
of flow characteristics of fluid in casting and 
thixomolding, the pore features in materials made 
by the two technologies are different. Till now, most 
studies referring to the AZ91 alloy are for the   
cast material, while the understanding about 
microstructure and pore features of the thixomolded 
magnesium alloy is still superficial. This work 
examines and analyzes the cell structure, the 
characteristics of pores, and their changes with the 
injection temperature of a thixomolded AZ91D 
alloy. Focus is laid on the underlying cause of the 
strength change with the fraction of primary α-Mg 
solids, and the internal correlation between ductility 
and pore formation mechanism. 
 
2 Experimental 
 

Thixomolding was conducted in a specialized 
machine of BL300MG with a short nozzle from 
BOLE Intelligent Machinery Co., Ltd., Ningbo, 
China. The principle and process of the 
thixomolding technology are shown in Fig. 1(a). 
Raw chips were cut from a commercial AZ91D 
billet into sizes of 1.2 mm × 1.2 mm × 4 mm. The  
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Fig. 1 Thixomolding technology and product: (a) Schematic diagram of thixomolding equipment and process;       
(b) Thixomolded product; (c) Shape and dimension of tensile sample; (d) Metallographic result of sample fabricated at 
590 °C; (e) Statistical analysis of primary solid 
 
chips were put into the machine through the hopper, 
transported forward in the barrel with a semi-solid 
state, and injected into the mold to form the product. 
The die temperature was held at 200 °C; the screw 
rotation rate and injection velocity were fixed at 
100 r/min and 3.0 m/s, respectively. Seven different 
injection temperatures were employed: 580, 590, 
600, 610, 620, 630 and 640 °C. 

The thixomolded product is presented in 
Fig. 1(b). The chemical composition of the material 
was measured by ICP and determined as Mg−9Al− 
0.75Zn (wt.%). The plate product had a thickness of 
1 mm. Samples for tensile test, microstructure and 
XCT examinations were cut from the plate. The 
shape and dimension of the sample for tensile test 
are shown in Fig. 1(c). The tensile velocity was set 
to be 1 mm/min, which yielded a strain rate in the 
gauge region lower than 10−3 s−1. Three parallel tests 
were conducted for each temperature condition, and 
the 0.2% yield stress, tensile stress, and elongation 
to failure were obtained based on the average of 
three tests. Statistical analysis of the primary solid 

fraction was performed based on image recognition 
of the metallographic characterization, and a 
representative result for the 590 °C condition is 
shown in Figs. 1(d) and (e). 

A flowability test was conducted by using a 
specially designed mold and the results are shown 
in Fig. 2. With the increase of injection temperature, 
the flowability becomes better, manifested as the 
increase of fluidity length. Meanwhile, the solid 
fraction is decreased. Table 1 lists quantitative data 
of the area fraction of primary solid fraction under 
different injection temperature conditions. At 
580 °C, the fraction of primary solid reaches 43.8%. 
The decrease of primary solid amount is evident at 
lower temperatures from 580 to 610 °C. At 610 °C, 
the solid fraction is decreased to 5.1%. Further 
increase of the injection temperature induces a 
small change of the primary solid fraction. When 
the injection temperature is increased to 630 °C, the 
primary solid content becomes very low, and the 
fluidity of the slurry is close to liquid. 

Scanning electron microscopy (SEM), energy 
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Fig. 2 Fluidity test results and optical micrographs of thixomolded AZ91D alloy made at injection temperatures ranging 
from 580 to 630 °C 
 
Table 1 Area fraction of primary solid under different 
injection temperature conditions 
Temperature/ 

°C 580 590 600 610 620 630 640 

Area fraction 
of solid/% 43.8 23.2 10.2 5.1 4.3 1.4 1.1 

 
dispersive spectrometer (EDS), and electron 
backscatter diffraction (EBSD) characterizations 
were conducted to determine the microstructure, 
chemical component, as well as the grain structure. 
Step size used for EBSD was 0.15 μm. Internal 
pores formed during the thixomolding process were 
examined by an X-ray computed tomography 
scanner (Xradia 520 Versa). Voxel resolution 
employed in the XCT examinations was 0.9 μm. 
With the consideration that a detectable damage 
feature had three voxels in each direction, pores 
with volume larger than 27×(0.9 μm)3=19.683 μm3 
were recognized. Every XCT result involved 100 
two-dimensional slices, and the three-dimensional 
solid was re-constructed from the slices. The pore 
connectivity was determined in the way that voxels 
in the three-dimensional XCT images were related 
to their neighbors. A set of connected voxels 
constitute an individual void. 

Full-field crystal plasticity finite element 
simulations were conducted in parallel to determine 
the deformation characteristics [28]. The rate- 
dependent constitutive formulations proposed by 
SALEM et al [29] were utilized to describe the slip 

and twinning behaviors. A power-law formulation 
was employed to represent the shearing rate of slip. 
The plastic velocity gradient ( p

0L ) and slip shearing 
rate ( sl

αγ ) are expressed as follows:  
( )p

0 tw sl sl tw tw tw1. ( ) ( )0 α α β βf γ f γ= − + +∑ ∑ L S S  

tw sl sl
ˆ( )α αf γ∑  S                         (1) 

 
sl1/

0 sl
sl sl sl

sl

sign( )
mα

α α
αγ γ

g
τ

τ=                     (2) 

 
where sl

αS , sl
ˆ αS  and tw

βS  are the Schmid tensors 
of slips for the untwinned matrix, twinned matrix, 
and the twinning systems, respectively; sl

αγ  and 
tw
βγ  denote the plastic shearing rates of the α slip 

system and the β twinning system, respectively;  
ftw is the volume fraction of twinning; 0

slγ  is the 
reference shear rate; sl

ατ  is the resolved shear  
stress of α slip; sl

αg  is the slip resistance; ms1 is the 
rate sensitivity parameter. Activations of basal, 
prismatic, pyramidal 〈a〉, and pyramidal 〈c+a〉 slips 
were considered, and the critical resolved shear 
stresses for the slip systems were set to be 12, 38, 
36 and 60 MPa, respectively [30]. 
 
3 Results 
 
3.1 Change of mechanical properties with 

injection temperature 
The tensile stress−strain curves of the thixo- 

molded material fabricated at different injection 
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temperatures are shown in Fig. 3(a). The yield 
strength, ultimate tensile strength, and fracture 
elongation are listed in Table 2, and their changes 
with injection temperature are exhibited in Fig. 3(b). 
The mechanical properties indicate that the yield 
stress of AZ91D alloy produced by thixomolding 
increases monotonically with the increase of 
injection temperature. The sample made at 640 °C 
 

 
Fig. 3 Mechanical properties of thixomolded AZ91D 
alloy: (a) Stress−strain curves; (b) Change of strength 
and elongation with injection temperature 
 
Table 2 Yield strength, tensile strength and elongation  
of thixomolded AZ91D alloy at different injection 
temperature 

Temperature/ 
°C 

Yield 
strength/ 

MPa 

Ultimate tensile 
strength/MPa 

Elongation/ 
% 

580 160±1.4 250±3.0 4.8±1.3 

590 166±2.0 253±2.5 5.3±0.9 

600 167±1.6 250±1.6 6.1±0.7 

610 167±2.5 258±3.0 6.6±1.0 

620 170±2.1 273±4.0 7.2±1.6 

630 173±1.2 269±5.0 6.4±1.2 

640 175±0.8 269±1.2 6.2±0.4 

gets a maximum yield strength of 175 MPa. The 
elongation, on the other hand, does not follow a 
monotonic trend with injection temperature. The 
sample made at 620 °C gets the maximum 
elongation of 7.2%. The change of strength and 
ductility will be discussed in terms of micro- 
structure and internal defects. 
 
3.2 Cell structure of thixomolded AZ91D alloy 

Figure 4 presents the SEM results of the 
thixotropic microstructures of AZ91D alloy 
fabricated at different injection temperatures. The 
thixomolded material presents a cellular structure 
with α-Mg matrix decorated by eutectic component. 
Large cell is composed of primary coarse-grained 
α-Mg and eutectic phase, and small cell is 
characterized by fine-grained α-Mg formed during 
solidification and the eutectic component. There is a 
slight change of the eutectic phase distribution  
with temperature. For lower injection temperature 
conditions of 590 and 620 °C, the cells distribute 
uniformly in the material; while for the sample 
made at higher temperature of 640 °C, the 
microstructure becomes more heterogeneous, as 
represented by some regions that are rich in the 
eutectic component, while the others mainly consist 
of the α-Mg matrix. The cellular characteristics of 
materials produced by thixomolding have 
similarities with the one fabricated by additive 
manufacturing [31] since both technologies 
represent rapid-cooling non-equilibrium solidification 
process. 

The major chemical elements of Mg, Al and 
Zn were detected by EDS, and the elemental maps 
are presented in Fig. 5. From the chemistry 
characterization, it is clear that the eutectic 
component is rich in Al. This phase is not necessary 
to be the equilibrium phase Mg17Al12 since thixo- 
molding is a rapid non-equilibrium solidification 
process. The amount of Mg17Al12 identified by 
EBSD in Fig. 6 is less than the intermetallic 
compound identified by SEM characterization in 
Fig. 4. A fluctuation of Al and Mg inside matrix  
and the eutectic phase is shown, which indicates  
the inhomogeneous distribution of chemical 
components. 
 
3.3 Influence of injection temperature on grain 

size and texture 
The material made by thixomolding technology 
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Fig. 4 SEM images of cellular structure composed of α-Mg and eutectic components of AZ91D alloys fabricated at 
different injection temperatures: (a) 590 °C; (b) 620 °C; (c) 640 °C 
 

 

Fig. 5 EDS elemental maps of Mg, Al and Zn for sample fabricated at injection temperature of 620 °C 
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Fig. 6 EBSD orientation maps of thixotropic microstructures for samples made at different injection temperatures:  
(a, b) 580 °C; (c) 600 °C; (d) 620 °C; (e) 640 °C 
 
has equiaxial grains, as shown in the EBSD 
orientation maps in Fig. 6. From Fig. 6(a), it is 
identified that the thixomolded AZ91D alloy 
exhibits a mixed grain structure: the primary α-Mg 
solids have larger grain size while the solidification 
matrix has fine grains. Table 3 shows the average 
grain sizes for solidification zone at different 
injection temperatures. The smallest grain size    
of 4 μm is obtained in the 600 °C injection 
temperature scenario. The primary α-Mg has grain 
size larger than 100 μm and behaves as coarse grain 
in the mixed-grain material. In the thixotropic 
microstructure, grains do not have a typical 
hexagonal morphology. Grains in the material made 
at lower temperatures of 580 and 600 °C present a 
roughly spherical or ellipse shape. While for the 

sample made at higher injection temperatures of 
620 and 640 °C, its grains have an elongated feature. 
From the phase map in Fig. 6(e), equilibrium 
phases of Mg17Al12 are recognized. 
 
Table 3 Average grain sizes for solidification zone in 
thixomolded AZ91D alloy fabricated at different 
injection temperatures 

Temperature/°C 580 590 600 620 640 

Average grain size/μm 6.0 7.0 4.0 4.5 4.5 

 
The {0001} and {1010}  pore figures of 

AZ91D alloy fabricated at different injection 
temperatures are shown in Fig. 7. Via combining 
the results of orientation distribution map and pore 
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Fig. 7 {0001} and {1010}  pore figures for samples fabricated at different injection temperatures: (a) 580 °C; (b) 600 °C; 
(c) 620 °C; (d) 640 °C 
 
figures, it is determined that the thixomolded alloy 
has a weak texture. The pore figures show high pole 
intensity in local regions, which indicates preferred 
grain orientations. At 640 °C, larger regions with 
high pore density appear. However, since the 
high-intensity poles are limited in number and have 
a dispersed distribution, the material still exhibits 
an overall weak texture. The influence of injection 
temperature on texture is not significant. 
 
3.4 Characteristics of internal pore and fracto- 

graphs of thixomolded AZ91D alloy 
Internal defects of the thixomolded AZ91D 

magnesium alloys were carefully examined by   
the XCT technique. Three-dimensional solid was 
reconstructed from two-dimensional slices and the 
defect was recognized by its grey level variation 
with matrix. Figure 8 displays the distribution    
of pores in the solid and the representative 
two-dimensional slices for the samples fabricated at 
590, 620 and 640 °C. Table 4 shows quantitative 
data involving the pore volume fraction (PVF), pore 
number and average pore volume. The thixomolded 
AZ91D alloy made at 640 °C gets the largest 
number of independent pores; its pore number 
reaches 20104. The sample fabricated at 620 °C has 
12866 internal pores, which is the smallest among 
the tested cases. The morphology of the largest 
three defects is shown in Fig. 9. The accurate 
recognition of large pores from XCT can be 
confirmed by the comparison with SEM results. 

From the SEM characterizations of the fracture 
surface in Figs. 10 and 11, it is determined that 
most pores have diameter of several micrometers, 
and the larger ones possess diameter larger than 
20 μm. This data coincides with the XCT 
measurement in that the two-dimensional cutting 
slice of pores from the three-dimensional XCT is at 
this size scale. Therefore, the method of pore 
recognition from XCT is reasonable. 

All the defects possess irregular shapes with a 
lot of bifurcations and small facets. Dendritic 
features present all over the surfaces of the defects. 
The large pores in the 590 °C condition have a larger 
length/width ratio, which denotes a thin and long 
shape. Pores formed at 620 °C have smoother free 
surfaces than those formed at 590 and 640 °C. The 
largest pore with a volume of 21064 μm3 appears at 
590 °C. The volume of the largest pore at 620 °C is 
only half of that formed at 590 °C. The presence of 
the largest pore represents a local concentration, 
and it is generally believed that larger pores have a 
greater impact on plasticity and ductility. The 
variation of pore number, morphology and volume 
manifests the non-negligible effect of injection 
temperature on formation mechanism of pores. 

The fractographs of the thixomolded samples 
shown in Fig. 10 denote a discontinuous fracture 
feature with plenty of small facets and tearing edges. 
The fracture surface is perpendicular to the tensile 
direction and has a transgranular characteristic. The 
fracture feature manifests a combined brittle and 
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Fig. 8 XCT results of three-dimensional pore distribution and representative two-dimensional slices at different 
injection temperatures: (a) 590 °C; (b) 620 °C; (c) 640 °C 
 
Table 4 Quantitative pore data of PVF, pore number and average pore volume 

Temperature/°C PVF in whole 
solid/% 

Max PVF in 
slice/% 

Volume of largest 
pore/μm3 

Number of 
pores 

Average pore 
volume/μm3 

Equivalent pore 
radius/μm 

590 0.33 0.86 21064  15744 97.84 2.86  

620 0.25 0.55 10041 12866 85.70 2.73 

640 0.41 0.76 15657 20104 104.78 2.92 

 
ductile fracture mode of quasi-cleavage fracture [32]. 
This kind of fracture initiates with the formation of 
a large number of small cleavage cracks, which 
correspond to the high-density small facets; these 
facets denote the brittle aspect of the fracture.   
The cracks would grow locally during plastic 
deformation and finally coalesce in a ductile 
manner, forming the ductile tearing edge. The 
presence of some large tearing edges at 620 °C 
indicates more contributions made by ductile 
damage in the final failure; this result coincides 

with better ductility in the scenario. At 640 °C, 
pores induced by lack of fusion are observed. 
 
4 Discussion 
 
4.1 Influence of injection temperature on defect 

formation mechanism 
Emphasis was paid to the formation 

mechanism of internal defects in the thixomolded 
magnesium alloys. Figure 11 displays representative 
pores formed in different temperature conditions. 
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Fig. 9 Largest three pores recognized by XCT in samples fabricated at different injection temperatures: (a) 590 °C;   
(b) 620 °C; (c) 640 °C 
 

 

Fig. 10 Fractographs of thixomolded AZ91D alloys made at different injection temperatures: (a) 590 °C; (b) 620 °C;  
(c) 640 °C 
 
The major kind of defects in the thixomolded 
materials is shrinkage pores. They widely distributed 
in samples fabricated at injection temperatures from 

590 to 640 °C. Defects such as detachments, tearing 
cracks and defect bands also appear. Under lower 
injection temperature conditions of 580−620 °C, the 
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Fig. 11 SEM images showing representative pores at different injection temperatures: (a) 590 °C; (b) 620 °C; (c) 640 °C 
 
slurry has a higher solid phase fraction and 
possesses thixotropic feature. In tandem with this, 
the pore formation and ductility are dependent on 
the primary solid fraction. Too many solids 
manifest a poor ability of the fluid to feed     
pores [16]. Representative results about the defect 
formation in the high solid fraction condition are 
given in Fig. 11(a). With the higher liquid viscosity 
and poor liquidity, adjacent solid crystals which 
flow with different rates or directions would induce 
large local stress and tear the materials apart, 
leading to the formation of lathy tearing defects. 
Another defect type identified for the low injection 
temperature condition is detachment; two sides of 
this kind of crack can be stitching seamlessly [20]. 
In summary, the tearing crack and detachment 
related to the high slurry viscosity at lower injection 
temperature provide additional defect sources. 

Defect bands generate in the sample made at 
640 °C, as shown in Fig. 11(c). Defect band is 
featured with a larger number of irregular pores   
in local regions [21,33]. With higher injection 
temperature, the solid phase fraction becomes very 
low, and the slurry fluidity has liquid features. The 
filling process is thus similar to casting. It is known 
that a large number of pores and the defect bands 
featured with independent pores are generated 

during casting due to the turbulent melt flow [21]. 
Therefore, the sample made at a higher injection 
temperature of 640 °C gets the largest number of 
independent pores. For the AZ91D alloy made at a 
moderate temperature of 620 °C, shrinkage pores 
constitute the majority of internal defects, as 
confirmed by the SEM observations of pores in 
Fig. 11(b) as well as the XCT results of defect with 
smooth surface in Fig. 9. In summary, apart from 
shrinkage pores, materials made at 590 and 640 °C 
get other kinds of defect formation origins. 

Quantitative analysis of pore was performed in 
terms of the PVF, pore size and local concentration. 
From the quantitative data in Table 4, it is known 
that the alloy made at 640 °C has the maximum 
PVF in whole solid and the largest pore number. 
However, the sample does not get the worst 
ductility: its elongation is 6.2%, which is larger than 
5.3% of the one made at 590 °C. This result 
indicates that the fraction of internal defects is not 
the sole controller of ductility. To clarify the 
defect-dependent ductility, the local concentration of 
pores should also be taken into account. A direct 
measurement of local pore concentration is the PVF 
of slices. By using a resolution of 0.9 μm in the 
XCT tests, every slice gets a volume of 0.57 μm3. 
The pore volume fraction in slices was calculated. 
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The sample fabricated at an injection temperature of 
590 °C gets the largest slice PVF of 0.86%, which 
manifests the severest pore concentration. Meanwhile, 
the smallest elongation presents in the scenario. The 
640 °C sample gets a relatively large slice PVF of 
0.76%. Moderate processing temperature of 620 °C 
is beneficial to inhibiting pore formation and 
concentration. The maximum slice PVF is reduced 
to 0.55% in the 620 °C thixomolded sample, and 
the elongation is increased to 7.2%. Given that both 
the elongation and suppression of local pore 
concentration have a decreasing sequence of 620 °C 
sample > 640 °C sample > 590 °C sample, it is 
concluded the ductility is closely related to local 
defect concentration. 
 
4.2 Influence of hierarchical cell structure and 

initial pores on mechanical properties 
With the increase of injection temperature 

from 580 to 640 °C, the yield strength of the 
thixomolded AZ91D alloy increases monotonically. 
This phenomenon can be elucidated by considering 
the change of hierarchical cell structure feature  
with temperature. At lower injection temperatures, 
primary α-Mg solids with larger grain size exist. 
The coarse-grained cells constitute large and soft 
phase in the material. The results shown in Fig. 12 
present a negative relationship between yield 
strength and the fraction of primary α-Mg. 
 

 
Fig. 12 Correlation between yield strength and fraction 
of primary coarse-grained solid 
 

The underlying mechanism about strength 
change with the coarse-grained primary solid 
content was delved into through the identification 
of meso-scale deformation feature [34]. For this 
purpose, simulations based on the crystal plasticity 
finite element method (CPFEM) were conducted. A 
CPFEM model was built based on the EBSD data, 

as shown in Figs. 13(a) and (b). Both coarse and 
fine grains are involved in the microstructure, and 
the CPFEM model represents the grain morphology 
and hierarchical grain structure. The experimental 
grain orientation is also considered in the simulation 
via adopting the Euler angles from EBSD in the 
modeling. Internal pores are not included in the 
CPFEM model since introducing discontinuous 
features in a simulation method within continuum 
mechanics framework has some difficulties. 

The simulated results of von Mises stress, 
accumulated shear strain, and strains for basal and 
non-basal slips are presented in Figs. 13(c−f). Stress 
hot spots appear as a dispersed distribution in fine 
grains in the RVE, as shown in Fig. 13(c). The 
strain distribution in Fig. 13(d) indicates the 
formation of multiple shear bands inclined to the 
tensile direction. This meso-scale deformation 
feature is consistent with experimental strain 
measurements [24,35]. For the examined two 
coarse grains, “Grain 1” has limited basal slip and 
nearly no non-basal slip, which manifests its 
hard-deformed feature. Stress concentration occurs 
at edge of the grain but hardly penetrates into the 
interior. “Grain 2”, on the other hand, undertakes 
large deformation, denoting by the formation of 
many shear bands inside the grain. As plastic 
deformation is mainly induced by basal slip, the 
stress of the grain is small. Therefore, whether in 
hard or soft orientations, the primary α-Mg solids 
with larger grain size get smaller stress and bear 
smaller load. This point can be confirmed by the 
results of LI et al [36]. 

In summary, the strength change of the 
thixomolded AZ91D alloy with primary α-Mg 
solids origins from two mechanisms. Firstly, the 
primary α-Mg solid has a large grain size and the 
decrease of its amount leads to fine grain 
strengthening. Secondly, with the help of CPFEM 
simulation, it has been demonstrated that coarse 
grains in the mixed grain material bear smaller load 
even in hard orientations. Unraveling the synergy 
strengthening mechanism helps to deepen the 
understanding about the mechanical performance of 
the mixed-grained materials. It is noted that the 
relationship between the yield strength and fraction 
of primary α-Mg in Fig. 12 does not follow a 
regular linear or exponential formulation. This 
phenomenon is related to the change of grain size of 
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Fig. 13 CPFEM modeling and simulation results: (a) EBSD data for modeling; (b) CPFEM model for hierarchical  
grain structure; (c) CPFEM simulation results of von Mises stress; (d) Accumulated shear strain from all slip systems;  
(e, f) Basal slip strain and non-basal slip strain at far-field strain of 0.01, respectively  
 
the primary α-Mg and the non-uniform meso-scale 
deformation. With the change of injection 
temperature, both the fraction and grain size of the 
α-Mg solids change, as denoted by the metallurgical 
results in Fig. 2. It results in the variation of fine 
grain strengthening extent in different temperature 
conditions. Besides, since grain size of primary 
α-Mg solids is large while the number of them is 
small, the orientation of individual coarse-grained 
α-Mg solid plays an important role in material 
strengthening. 

For the change of ductility with temperature, 
this study suggests that it is primarily related     
to internal pores. The sample made at an injection 
temperature of 620 °C gets the maximum 
elongation of 7.2%, the smallest number of pores 
and less significant defect concentration. The 
thixomolded material with the severest defect 
concentration gets the worst ductility. The changes 

of flow characteristics and defect formation 
mechanism with temperature account for the 
ductility change. In the 590 °C condition, there are 
additional defect sources of tearing and detachment; 
in the 640 °C scenario, defect band forms. 
 
5 Conclusions 
 

(1) AZ91D alloy was fabricated by 
thixomolding with injection temperatures from 580 
to 640 °C. The thixomolded material made at 
640 °C has the maximum yield strength of 175 MPa, 
and the one made at 620 °C gets the largest 
elongation of 7.2%. The thixomolded alloy has  
the microstructure feature of hierarchical cells 
composed of α-Mg matrix and eutectic phase. Large 
cells consist of coarse-grained primary solids, and 
small cells are constituted by fine-grained α-Mg 
formed during solidification. 
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(2) The yield strength increases as the number 
of large cells decreases. From the CPFEM 
simulation, it is identified that primary α-Mg solids 
get lower stress whether they are in hard or soft 
orientations. Fine grain strengthening extent and 
small load-bearing of large cells are internal causes 
for the strength change. 

(3) Internal pores were examined by XCT. 
Volume fractions of pores are 0.33%, 0.25%    
and 0.41% for samples fabricated at injection 
temperatures of 590, 620 and 640 °C, respectively. 
The minimal quantity and lower concentration of 
pores account for better ductility. At lower injection 
temperatures, tearing crack and detachment  
appear due to high viscosity; at higher injection 
temperatures, defect bands form due to turbulent 
melt flow. These are additional crack sources. 
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摘  要：研究了触变成形 AZ91D 合金的显微组织和内部缺陷特征对其力学性能的影响。在 580~640 ℃的触变成

形温度下制备了测试样品。使用 X 射线断层扫描技术观察样品内部孔隙，采用晶体塑性有限元模拟对样品进行变

形分析。显微组织表征结果表明，半固态触变成形制备的合金具有多层级的胞状组织，α-Mg 基体与周围的共晶

相组成了结构胞。随着注射温度的升高，大胞的含量减少，材料强度提升。强度变化机制在于粗晶即使在硬取向

下也承受较小的应力。在 620 ℃中等温度制备的样品具有最高的伸长率、最少的孔隙数量和较低的孔隙局部聚集

程度。低注射温度下所形成的分离和撕裂以及高注射温度下形成的缺陷带是材料内额外的裂纹源，它们使材料的

塑性劣化。 

关键词：AZ91D 镁合金；制备工艺；胞结构；孔隙；强度；塑性 
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