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1 Introduction
The high pressure die casting (HPDC) process is a net-
shape forming process especially suitable for large-
scale production of thin-walled complex parts [1-3]. 
Although HPDC products generally have fine grains 
in the microstructure due to a high cooling rate during 
solidification, there are still unavoidable casting 
defects in the solidified alloy, such as gas pores [4-6] and 
externally solidified crystals (ESCs) [7,8]. Another type 
of unique casting defect in the microstructure of die 
castings is the defect band. With an thickness of several 
grains, it is detrimental to the mechanical properties 
of die cast components. Therefore, it has aroused 
widespread attention of researchers [9-15]. 

The defect band is essentially a solute segregation 
band generally with the aggregation of shrinkage pores. 
There are visible differences between the defect band 
and the surrounding microstructure. Existing studies 
have found that the characteristics of defect bands 
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vary a lot with different alloy compositions and process 
parameters of the HPDC process. Laukli et al. [16]

reported that by increasing Si content, the defect bands 
in Al-Si castings became blurry and wider, which 
was considered the result of the altered solidification 
characteristics. Otarawanna et al. [17] found that the 
defect band thickness was in the range of 7 to 18 
mean grains wide, and multiple defect bands were 
observed in the cross section of die cast AM50 sample. 
Cao et al. [18] pointed out that intensification pressure 
had the strongest influence on the appearance of defect 
bands inside the die cast AM50 components, and 
applying high intensification pressure could suppress 
the tendency of tearing in the defect bands. Yu et al. [19]

investigated the effect of different parameters on porosity 
volume, defect band width and average ESCs size of 
AZ91D magnesium alloy castings, and found that the 
defect band width was strongly related with the size and 
quantity of ESCs, rather than the porosity volume.

According to literature review, most of the existing 
research works on defect bands mainly focused on 
traditional AM and AZ series magnesium alloys, as well 
as Al-Si series aluminum alloys. Therefore, it is natural 
to wonder whether defect bands exhibit dissimilar 
characteristics in other die cast metal alloys, such as 
those containing rare earth elements. In particular, the 
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Fig. 1: Configuration of the specific casting including 
three tensile test bars and one plate sample

AE series magnesium alloys, which have already developed 
into an important type of magnesium alloys with high 
temperature strength and creep resistance [20-22]. However, 
current studies on AE series magnesium alloys mainly focused 
on their performance improvement, while less attention was 
paid to the characteristics of microstructure and defect bands 
in die castings [23,24]. In addition, systematical investigation on 
the distribution of multiple defect bands in the cross section 
of die castings, as well as the difference between them with 
various process parameters is still a relatively unexplored area.

In this study, a specific AE44 magnesium alloy casting was 
produced by vacuum-assist HPDC process. Microstructure 
characterization was conducted at different locations of the 
casting, based on which the effects of casting structure and 
process parameters on the distribution of defect bands in high 
pressure die casting AE44 alloy were discussed.

2 Experimental procedure
Commercial AE44 magnesium alloy was used as the 
experimental material. Its chemical composition was tested 
by Inductively Coupled Plasma (ICP) and the result is listed 
in Table 1. During the experiment, a specific casting (Fig. 1)
including three tensile test bars and one plate sample was 
produced by a TOYO BD-350V5 cold chamber die casting 
machine with a vacuum system assisted. The diameter of the 
tensile test bars was 6.4 mm at the center and 10 mm at two ends. 
The thickness of the plate sample was 2.5 mm. Five groups of 
HPDC process parameters varying in shot speed were designed 
for comparison, and the key process parameters adopted are 
listed in Table 2. A two-step slow shot speed was applied in all 
HPDC processes to coordinate with the vacuum system and to 
minimize the gas entrapment [25]. During the slow shot stage, the 
plunger firstly moved at a constant speed of 0.3 m·s-1 for 120 mm 
in the shot sleeve and then decelerated to a slower speed for the 
rest of the stroke of 150 mm. When the melt reached the ingate, 
the plunger switched to the high-speed mode, injecting the melt 

into the die cavity. Intensification casting pressure was applied 
to the solidifying alloy shortly after the fast shot stage and 
maintained until the casting solidified.

Samples for studying the influence of casting structure on 
the distribution of defect bands were extracted from different 
locations of the middle tensile test bar, which would be 
described in detail in the corresponding sections. Samples 
used to study the evolution of defect bands with varying 
plunger shot speeds were taken from the middle segment of 
the middle tensile test bar. All the samples were subjected to 
a standard metallographic treatment, and then corroded with 
4% nitric acid. Microstructure observation was conducted with 
a Zeiss A1 optical microscope (OM), a Zeiss ultra plus field 
emission scanning electron microscope (SEM) equipped with 
an X-Max50 energy dispersive spectrometer (EDS). The grain 
orientation information of the samples was calibrated by electron 
back-scattered diffraction (EBSD) experiments performed with 
a Zeiss Merlin Compact SEM with the HKL Channel 5 system. 
Quantitative analysis on the distribution of defect bands was 
accomplished with the Image Pro Plus 6.0 software.

Table 1: Chemical composition of AE44 magnesium alloy (wt.%)

Al La Ce Ca Mn Li Fe Zn Mg

4.14 1.16 2.81 0.13 0.18 0.12 0.08 0.01 Bal.

Table 2: Key parameters used during HPDC process

Code Pouring temperature 
(°C)

Initial mold 
temperature (°C)

Slow shot speed 
(m·s-1)

Fast shot speed 
(m·s-1)

Intensification casting 
pressure (MPa)

A1 0.3→0.1 2.75

A2 0.3→0.15 2.75

A3 700 180 0.3→0.2 2.75 13.7

A4 0.3→0.2 1.75

A5 0.3→0.2 3.75

(Note: As a two-step slow shot speed was applied, 0.3→0.1 meant the plunger first moved at a constant speed of 0.3 m·s-1 and then decelerated to 
0.1 m·s-1. The rest can be deduced similarly.)
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3 Results
3.1 Typical morphology and solute 

distribution of defect band 
Figure 2 shows the morphology of a typical defect band and the 
surrounding microstructure in the cross section of AE44 alloy 
die casting samples. In the SEM images, the dark gray and 
black areas are α-Mg matrix and porosities, respectively, while 
the white areas represent the intermetallic phases. The lamellar-
like white phase is identified to be Al11RE3 with a body-
centered orthorhombic structure whereas the particulate and 

bright white one is Al2RE with a diamond cubic structure [26]. It 
can be seen from Fig. 2(a) that there are visible differences in 
the morphology between the defect band and the surrounding 
microstructure. Coarse and well-developed dendrites, namely 
ESCs are observed mainly gathering in the core region of 
the samples, while a number of spherical or fragmented 
ESCs are scattered in the defect band. With the intermetallic 
phases fill between the sparse α-Mg grains, the content of the 
intermetallic phases in the defect band is much higher than that 
in the adjacent regions, as shown in Figs. 2(b) and (c). This 
also can be elucidated by the EDS mapping results as shown in 

Fig. 2: Typical morphology and solute distribution of defect band in die-cast AE44 alloy: (a) a typical defect band 
and surrounding microstructure; (b) phase constitution of AE44 alloy; (c-g) amplified view of rectangle 
region marked in (a) and corresponding EDS mapping results

(b)

(c)

(d) (e)

(a)

(f) (g)

ESCs

Core region
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Fig. 3: OM images showing microstructure at different locations of the middle tensile test bar under the 
standard process condition A3

Figs. 2(c-g) that the defect band is a solute segregation band with 
the enrichment of Al, Ce and La elements, which are basically 
in the form of Al11RE3 phase. Since a vacuum system was 
employed during the HPDC process, the number of gas pores 
was significantly reduced in the microstructure of die castings [6].
Large porosities, in the form of shrinkage are commonly 
observed in the core region of die castings as shown in Fig. 2(b). 
However, there is no obvious aggregation of porosities in the 
defect band, let alone cracks or tears. That is to say, unlike the 
previously reported defect bands in HPDC AZ91D alloy [9,19], 
the defect band in die cast AE44 alloy is not a porosity band, 
but a band with conspicuously heterogeneous microstructure. 
It is worth noting that double defect bands are commonly 
observed in the cross section of die cast samples [12, 13]. They 
share the same form and only differ in width, location and grain 
characteristics. In this study, the band near the casting center 
would be called the inner defect band, and the band close to the 
casting surface would be called the outer defect band.

3.2 Defect bands at different locations
The middle tensile test bar under the standard process condition 
A3 was chosen to investigate the defect bands at different 
locations. From the end near the ingate to the end near the 
overflow, seven locations were selected, which were marked 
A3-N-E, A3-N, A3-N-M, A3-M, A3-F-M, A3-F, A3-F-E 
successively. Figure 3 shows the OM images of the overall 
microstructure at the corresponding locations. It can be seen 
that porosities or shrinkage mainly appear in the transition 
segments and two ends of the bar, i.e., A3-N, A3-F, A3-N-E 
and A3-F-E. In the microstructure of the middle segments 
of the bar including A3-N-M, A3-M and A3-F-M, the inner 
defect band is obviously observed with a ring-like morphology 

surrounding the core region. Contrary to that in SEM images 
as shown in Fig. 2, the defect bands appear as black bands 
in OM images. The core region of the casting surrounded 
by the inner defect band is an obviously bright circular area 
which is saturated with a large amount of ESCs that tend to 
aggregate in the center due to the force of the flowing melt 
during the HPDC process [27,28]. For the inner defect bands in 
the microstructure of the middle segments A3-N-M, A3-M and 
A3-F-M, it can be found that as the distance from the ingate 
increases, the inner defect bands shrink towards the center 
of the casting and their ranges become wider while they are 
getting blurrier.

An amplified view of the inner defect band by OM is shown 
in Fig. 4. It can be noted that no matter the inner or outer defect 
band, its contour can be roughly distinguished by the grain 
distribution characteristics. The grains in the defect band are 
sparse, while they are tightly arranged in the adjacent region 
at both sides. Except for this, there is no obvious difference 
between the defect band and the surrounding microstructure 
in terms of grain size and morphology. Comparing the inner 
[Figs. 4(a-c)] and outer [Figs. 4(d-f)] defect bands as shown 
in Fig. 4, the inner defect bands are much wider than the outer 
ones. Without any ESCs, the grain sizes in the outer defect 
bands are much smaller than those in the inner ones. As the 
distance from the ingate increases, the outer defect bands in 
the microstructure of the middle segments A3-N-M, A3-M 
and A3-F-M gradually approach the casting surface. Figure 5
shows the quantitative statistical results of the defect bands 
relating to the width and location. It can be concluded that the 
statistical results are consistent with the qualitative analysis on 
the distribution of the defect bands as shown in Figs. 3 and 4.

1 mm 1 mm 1 mm 1 mm

1 mm
1 mm

1 mm

Outer defect band

Inner defect band
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Fig. 4: Morphology of inner defect bands (a-c) and outer defect bands (d-f) in microstructure of the middle 
segments A3-N-M, A3-M and A3-F-M

Fig. 5: Quantitative statistics on distribution of defect bands at different locations of the middle tensile test 
bar: (a) inner defect band; (b) outer defect band

3.3 Defect bands with different process 
parameters

During the HPDC process, the plunger shot speed has a great 
influence on the melt filling of the die cavity, as well as the 
subsequent solidification of castings. For example, existing 
studies have already found that the formation of gas pores 
and ESCs in die castings is closely related to the plunger shot 
speed [7,25]. Since it is well known that the plunger movement 
is divided into the slow shot and fast shot stages, five groups 
of HPDC process parameters were designed for comparison 
in this study, among which from A1 to A3 the slow shot speed 
increases progressively, and from A3 to A5 the fast shot speed 
varies as listed in Table 2. Samples used to investigate the 
evolution of defect bands were taken from the same location as 

A3-M in Section 3.2. Figures 6 and 7 show the microstructure 
characterization results by OM and the corresponding 
quantitative statistics on the distribution of defect bands. It can 
be seen that with the increase of the slow shot speed, the bright 
core region is enlarged, and consequently the inner defect band 
locates farther from the center. There is also a slight drop in 
width of the inner defect band and an enhanced contrast with 
the surrounding microstructure. The situation is different when 
the fast shot speed increases after a constant final slow shot 
speed of 0.2 m·s-1. The bright core region keeps contracting 
towards the center, and the distribution radius of the inner 
defect band gets smaller. The width of the inner defect band 
experiences a relatively significant decline followed by a slight 
expansion. With regard to the outer defect band as shown in 

(a) (b)

A3-N-M                                                                   A3-M                                                                 A3-F-M

(d)

(a) (b) (c)

(e) (f)
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Fig. 6: Defect bands in microstructure of the middle segment of the middle tensile test bar under different 
process conditions: (a-c) A1; (d-f) A2; (g-i) A3; (j-l) A4; (m-o) A5. The first column shows an overall 
microstructure of the cross section. The second and third columns show an amplified view of inner 
and outer defect bands, respectively

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)
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Fig. 7: Quantitative statistics on distribution of defect bands in microstructure of middle segment of middle 
tensile test bar with varying shot speeds: (a-b) A1-A3; (c-d) A3-A5

the third column of Fig. 6, its distribution characteristics do 
not change monotonously no matter with the varying slow shot 
speed or fast shot speed. It can be noted from Figs. 7(b) and (d)
that the width of the outer defect band only fluctuates in a 
small range, while its location, i.e. the distance to the casting 
surface varies greatly.

4 Discussion
In this study, the changes of the distribution of the inner and 
outer defect bands with different process parameters and at 
different locations of castings are discussed separately with 
the fact that their variation trends are not consistent. When 
double defect bands appear in die cast samples, they differ 
greatly in width and location, and the process parameters or 
the casting structure may have different effects on the outer 

and inner defect bands. The reason for the discrepancy may 
be traced back to the formation mechanism of defect bands. 
It is believed that during the solidification process of the 
melt, in the semi-solid region where the grains are originally 
tightly arranged, the grain network will collapse under a shear 
stress larger than that it can withstand. Then, the grains will 
rearrange through rotating and gliding against each other, 
resulting in expansion, and then the melt feeding to the 
semi-solid region which consequently leads to the formation of 
defect bands. In this case, the defect band is a solute-enriched 
band, containing a higher content of intermetallic phases than 
that of the adjacent regions after the casting finally solidifies. 
However, the appearance of shrinkage or porosities depends 
on the specific solidification conditions.

Figure 8 shows the schematic diagram of the formation 
mechanism of defect bands in die castings. Generally speaking, 

(c)

(a)

(d)

(b)

Fig. 8: Illustration of formation mechanism of double defect bands
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the formation of defect bands needs to meet two conditions: the 
existence of a semi-solid region with the solid fraction in the 
range of fc-fp and the shear stress acting upon it [29, 30]. Here, fc 
and fp are two critical solid fractions defined for convenience 
of discussion. When the solid fraction of the melt is lower than 
the dendrite coherency point fc, the melt behaves as a viscous 
fluid. And when the solid fraction of the melt is higher than 
the maximum dendrite packing point fp, the melt can undergo 
global deformation and exhibit more solid-like behavior. In 
the solid fraction range of fc-fp, the grains in the melt gradually 
come into contact with each other, resulting in formation of 
the grain network which is then capable of resisting a certain 
degree of deformation. With the increase of solid fraction, the 
grain network in the melt can withstand a greater shear stress. 
Combined with the distribution characterization of double 
defect bands, it can be speculated that at least two semi-solid 
regions exist in the solid fraction range of fc-fp in the melt during 
solidification of the HPDC process. Since the two defect bands 
are close to the surface and core region of castings, respectively, 
it is reasonable to consider that the formation of the outer 
defect band is related to the chilling layer of castings, while 
the formation of the inner defect band is closely related to the 
aggregation of ESCs in the core region of castings as illustrated 
in Fig. 8. In other words, with the solid fractions of the chilling 
surface layer and core region exceeding fp, two semi-solid 
regions form next to them, respectively, whose solid fractions 
are in the range of fc-fp at some point during the solidification 
process of the melt.

As for the existence of shear stress acting upon the two 
semi-solid regions, an obvious evidence is found as shown in 
Fig. 9 that high kernel average misorientation (KAM) mainly 
appears in the two defect bands, while high KAM (greater 
than 1º) corresponds to deformed grains with high local 
dislocation density [31, 32]. That is to say, the two semi-solid 
regions eventually occupied by the defect bands are subjected 
to a shear stress larger than that of the adjacent regions during 
solidification of the melt. However, since the chilling layer is 
formed before the ESCs-saturated core region, the formation 
time of the two semi-solid regions is different, leading to 
dissimilar generation mechanisms of shear stress at the two 
defect bands. It is known that the viscosity and flow rate of the 
partially solidified melt vary a lot with different solid fractions. 
The shear stress at the outer defect band is considered to be 
induced by the flow rate difference between the melt at the 
semi-solid region and nearby. Regard to the shear stress at 
the inner defect band, since the melt flow and solidification 
is almost coming to an end, its generation maybe ascribed to 
the intensification casting pressure acting upon the whole melt 
which is then transferred to the semi-solid region near the 
casting center.

According to the different formation mechanisms of double 
defect bands, a reasonable explanation can be given for the 
phenomenon that the variation trend of the distribution of 
the outer defect band is not regular under different process 
parameters and at different locations of castings comparing to 
that of the inner one. Due to the melt impingement on the cold 

Fig. 9: Grain orientation and kernel average misorientation (KAM) maps obtained by EBSD: (a-b) inner defect 
band and its surrounding; (c-d) outer defect band and its surrounding

200 μm 200 μm

10 μm 10 μm

(a) (b)

(d)(c)
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die wall, a chilling layer with an irregular contour is formed 
rapidly in the melt. In this case, the filling and solidification 
behavior of the melt near the chilling layer is very complicated, 
which finally leads to a fluctuation of the width and location 
of the outer defect band. Conversely, the melt flow near the 
core region appears as a flow with relative low Reynolds 
and the solidification front proceeds with a regular profile. 
Consequently, the inner defect band eventually exhibits a regular 
ring-like morphology in the cross section of die castings. Based 
on the quantitative statistics on the distribution of double defect 
bands, it can be concluded that the width of the inner defect 
band is 4-8 times greater than that of the outer one. This can be 
explained by a higher cooling rate and subsequently a steeper 
solid fraction gradient of the semi-solid region near the chilling 
layer than those of the semi-solid region close to the ESCs-
saturated core region. Therefore, the region where the solid 
fraction is in the range of fc-fp next to the ESCs-saturated core 
region will be much wider than that next to the chilling layer, 
which will finally lead to a wider defect band.

In view of the relative irregularity of the distribution of the 
outer defect band, only the effect of process parameters and 
casting structure on the distribution of the inner defect band is 
discussed. Given the fact that the formation of the inner defect 
band is closely related to the ESCs aggregation in the casting 
center and the inner defect band always surrounds the ESCs-
saturated core region, it can be inferred that the distribution 
of the inner defect band is correlated to the distribution of the 
ESCs in die castings, specifically the content and aggregation 
degree of ESCs. According to the authors' previous work [7], 
the holding time of the melt in the shot sleeve increases with 
decrease of the slow shot speed, resulting in a great heat loss 
of the melt which then eventually leads to a higher content of 
ESCs in die castings. Under this circumstance, the wide spread 
of the ESCs in the cross section of die castings will broaden 
the width of the inner defect band. With the increase of the 
fast shot speed, the ESCs are more concentrated towards the 
core region due to the force of the flowing melt. Consequently, 
the inner defect band gets closer to the castings center. As for 
different locations of the die cast sample with diverse casting 
structure, the distribution of the inner defect band differs with 
varied content and aggregation degree of ESCs.

5 Conclusions
(1) For AE44 magnesium alloy, the defect bands are solute 

segregation bands with the enrichment of Al, Ce and La 
elements, which are basically in the form of Al11RE3 phase. 
There is no obvious aggregation of porosities in the defect 
bands.

(2) The width of the inner defect band is 4-8 times larger 
than that of the outer one. Comparing to the inner defect 
band, the variation trend of the distribution of the outer defect 
band is not obvious under different process parameters and 
at different locations of castings. This is related to different 
formation mechanisms of double defect bands. The filling and 

solidification behavior of the melt near the chilling layer is 
very complicated, which finally leads to a fluctuation of the 
width and location of the outer defect band.

(3) The formation of the inner defect band is closely related 
to the ESCs aggregation in the core region of die castings. By 
affecting the content and aggregation degree of ESCs in the 
cross section of die castings, the process parameters during the 
HPDC process and casting structure have a great influence on 
the distribution of the inner defect band.
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