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Abstract: To clarify the relationship between externally solidified crystals (ESCs) and other defects, e.g., defect bands and pores, two dimen-
sional (2D) and three dimensional (3D) characterization methods were adopted to analyze castings produced using a modified ingate system
equipped with and without an ESC collector. The reduction of ESCs strongly reduced defect band width and shrinkage pore quantity. By redu-
cing the quantity and size of ESCs, net-shrinkage pores were transformed into isolated island-shrinkage pores. We determined via statistical
analysis that the mechanical properties of high pressure die castings were strongly related to the size and fraction of the ESCs rather than poros-
ity volume. The reduction of ESCs also caused tensile transgranular fracture modes to transform into intergranular fracture modes. Addition-

ally, casting pressurization strongly reduced pore morphology, volume, and size.
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1. Introduction

High pressure die casting (HPDC) is the typical method
for producing thin-wall magnesium alloy castings due to its
high formation accuracy, high efficiency, and minor post-
processing requirements [ 1-2]. However, defects, e.g., pores,
defect bands, and externally solidified crystals (ESCs), are
often found in HPDC castings, which can be detrimental to
mechanical performance [3-5].

Many studies have been carried out to investigate the
formation of these defects and their influence on the mechan-
ical performances of castings. For example, Weiler ef al. [6]
reported that the local area fraction of porosity was the main
detrimental factor in tensile tests. Lee ef al. [7-8] showed that
ductility was correlated to the area fraction of porosity meas-
ured in a fracture surface and not with the average volume
fraction of porosity in a three dimensional (3D) microstruc-
ture. Thus, porosity is an important factor that can affect the
mechanical properties of castings. The formation of pores
and defect bands are closely related to ESCs. ESCs are large-
size grains that are pre-nucleated and grown in a short sleeve
[9-10]. At fast slow-shot speeds, shear stress is produced
when ESCs enter the cavity with molten metal, which causes
the rotation of the ESCs and the formation of defect bands
[11]. Insufficient melt feeding causes the formation of com-
plex aggregated pores between ESCs in defect bands [12].
Accumulated ESCs continue to grow in casting centers and
produce shrinkage pores due to lower melt feeding capabilit-
ies [13]. Yu et al. [14] reported that defect band width was
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strongly correlated with the size and quantities of ESCs in
AZ91D castings. Additionally, Li ef al. [15-16] reported that
defect bands with high porosities and complex morphologies
acted as crack initiation sites, which facilitated crack
propagation to the center and surface of a specimen.

It is clear that ESCs are strongly correlated with the poros-
ity and defect bands in HPDC castings. Different methods
have been adopted to optimize the microstructure of castings.
Faster slow-shots can reduce the size and quantity of ESCs in
castings at the risk of flow turbulence during plunger move-
ment and shorter vacuum times [14,17]. However, more gas
pores appear in these castings, which reduces the mechanical
performance of the castings [18]. Alternatively, studies have
been performed to improve microstructures through mold
modification. Lee et al. [19] reduced pore volumes in final
castings through overflow system optimization. Since stress
can break ESCs when melts pass through ingates, Gun-
asegaram et al. [20] and Li et al. [13] successfully reduced
ESC quantities by increasing the shear stress produced
through a modified ingate system.

Recently, Zhou et al [21] discovered that runners
equipped with ESC collectors efficiently collected ESCs,
which led to a more refined microstructure in a Mg—3.0Nd—
0.3Zn—0.6Zr alloy. However, the correlation between the
pore morphology and ESCs influenced by ESC collector was
not investigated. 3D reconstruction methods have been used
to characterize the 3D morphology of pores and their correla-
tion with high-pressure die-casting process parameters
[22-23]. For example, using a combination of two dimen-
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sional (2D) and 3D characterization methods, Ma et al. [24]
determined shrinkage pores co-existed with ESCs in an HP-
DC AE44 alloy. Furthermore, the liquid feeding perform-
ance can reduce porosity during melt solidification, and the
effect of solidification pressure was studied for an HPCD
process with an ingate runner and ESC collector. Here we
employed 2D and 3D characterization methods to elucidate
the correlation between pore morphology and ESCs.

2. Experimental

An Mg—3.0Nd-0.3Zn—0.6Zr alloy was selected and sub-
sequently was cast using a Toyo TOYO-BD-350V5 cold
chamber die-casting machine under vacuum. The chemical
composition of the Mg—3.0Nd-0.3Zn—0.6Zr alloy is shown
in Table 1. As shown in Fig. 1(a) and (b), ESCs first nucleate

() (b)

ESCs

Molten metal

Shot sleeve

and grow near the shot sleeve wall. An ESC collector was in-
troduced at both sides of the ingate runner. For comparison,
Fig. 1(c) and (d) shows the enlarged runner equipped without
and with the ESC collector. During the HPDC process, the
melting temperature, mold temperature, low slow-shot speed,
and fast slow-shot speed were set as 700°C, 150°C, 0.1 m/s,
and 2 m/s, respectively. The whole length and diameter of the
shot sleeve were 340 and 70 mm, respectively. Additional
details about three HPDC processes are summarized in
Table 2.

Table 1. Chemical composition of the Mg—3.0Nd-0.3Zn—
0.6Zr alloy wt%
Nd Zr Zn Al Ca Fe Mg

286 0595 0256 0.046 0.029 0.003 Bal

(©

IENNNE NN

Conventional runner

Optimize runner

Fig.1. (a) ESC nucleation position, (b) casting configuration, (c) conventional runner, and (d) optimized runner with the ESC collector.

Table 2. Parameters of three designed vacuum-assisted HPDC processes

Sample Low slow-shot speed / (m's™") ~ Fast slow-shot speed / (m's™')  ESC collector  Solidification pressure / MPa
Without-E 0.1 No 79
With-E-P 0.1 Yes 79
Without-P 0.1 Yes No

Specimens analyzed via scanning electron microscopy
were taken from location “A” as marked in Fig. 1(b). To re-
construct 3D structures, synchrotron X-ray micro-tomo-
graphy was performed at the BLI3W1 line station of the
Shanghai Synchrotron Radiation Facility, China. The X-ray
energy of the synchrotron was 30 keV. A YAG:Ge scintillat-
or screen equipped with a 2048 x 2048 pixel camera was
used to convert X-rays to visible light. An inverse filter pro-
jection algorithm with the PITRE software was used to re-
construct 2D projections into 3D structures. Finally, the Avi-
zo software was used to process the reconstructed data.

Tensile tests were performed on a WDW-3020 electron
universal testing machine at room temperature (25°C), with a
1 mm/min displacement speed. Mechanical properties such
as yield strength, ultimate tensile strength, and elongation of

six tensile specimens were evaluated.

3. Results

Fig. 2 shows the 2D and 3D morphologies of HPDC
Mg—3.0Nd—0.3Zn-0.6Zr magnesium alloy casting pro-
duced without ESC collector (without-E). As shown in Fig.
2(a), the microstructure was composed of a-Mg, ESCs, and
Mg, ,Nd phases located at a-Mg grain boundaries and pores.
Similar to HPDC AZ91D castings [14], the top and front
views of the 3D reconstruction shown in Fig. 2(b) and (c)
show that central pores were surrounded by ring-shaped ac-
cumulated pores (termed defect bands). Enlarged regions,
labeled as I (skin layer), II (defect band zone), and III (center
zone) in Fig. 2(b) and (c), are shown in Fig. 2(d)—(f). Small
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gas pores (round) and island-shrinkage pores were observed
in the skin layer. Large-size contiguous net-shrinkage pores
and small gas pores were found in the defect band. Gas pores,
gas-shrinkage pores (a round pore connected by an irregular
shrinkage pore), and a large amount of isolated net-shrinkage
and island-shrinkage pores appeared in the center zone.

Fig. 3 shows the 3D porosity distribution and morpholo-
gies of HPDC castings fabricated under three different condi-
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tions. Under casting pressurization, the porosity was distrib-
uted with a spiral-staggered shape along the liquid flow dir-
ection, as shown in Fig. 3(a;) and (a,) and Fig. 3(b,) and (b,).
The continuous spiral-staggered lines (defect bands) became
disconnected when the ESC collector was introduced into the
runner design. Without casting pressurization, the pores be-
came more dispersed and the spiral-staggered lines disap-
peared (Fig. 3(c,) and (c,)). Lines were removed in the recon-
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(a) Back-scattered electron microscopy image of an Mg—3.0Nd—0.3Zn—0.6Zr alloy produced without ESC collector. 3D re-

construction (b) top view, (c) side view, and (d—f) pore morphologies observed in the three areas marked in (b) and (c).
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surization, and without solidification pressurization, respectively. (a,, b,, ¢;) Axial sections along the metal flow direction. (a3, bs, ¢3) 3D
morphologies after line removal from (a,, b,, ¢,). (a4, by, ¢4) Enlarged view of the areas marked in (a3, b, c3).
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structed images for clarity. The size and quantities of net-
shrinkage pores were significantly reduced in the center zone
with the introduction of the ESC collector, while more island-
shrinkage pores appeared (Fig. 3(a;) and (a,)) and Fig. 3(bs)
and (b,)). Without solidification pressurization, large gas
pores and mixed net-island-shrinkage pores appeared (Fig.
3(cs) and (c4)).

The electron back scattered diffraction (EBSD) analysis of
a scanning area of 260 um X 260 pm in the skin layers, trans-
ition areas, and central zones of the three as-cast Mg—3.0Nd—
0.3Zn—0.6Zr specimens is shown in Fig. 4. Calculated cor-
responding area percentages and grain sizes of the ESCs of
the three areas are given in Fig. 5. The area fraction and aver-
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age size of the ESCs, from the skin layers to the center zones,
increased linearly in the three as-cast specimens, and the
slope of the curves increased sharply in the central zones. As
shown in Fig. 4(a;)—(a4), Fig. 4(b,;)—(bs), and Fig. 5, the intro-
duction of a runner design reduced the area fraction and aver-
age size of the ESCs, with values of 7% and 8 um for each
position. Without pressurization (Fig. 4(b,)+(b,), Fig.
4(c,)(cy), and Fig. 5), the area fraction and average size of
the ESCs increased for each position. The average size of a-
Mg also increased due to a decrease in the interfacial heat
transfer coefficient and a deceleration of the solidification
rate, which increased the growth time of a-Mg [25].

4. Discussion

As shown in Fig. 6, porosity volume significantly in-
creased from 0.321 to 0.745 mm’. This difference in volume
indicates that pressurization can be used to optimize liquid
feeding performance during melt solidification. The average
diameters and particularly the area fractions of the ESCs sig-
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Fig. 4. EBSD analysis of the skin layer (left column), trans- % 30t .
ition zone (middle two columns), and center zone (right £ : - @
column): (a;—a,) without the ESC collector; (b;—b,) with the 8 20y T ‘ °
ESC collector and solidification pressurization; (c;—c,) without L:; 10 t. """""""""
solidification pressurization. Boundaries between grains with a B ooke . .
misorientation greater than 15° are marked by blue lines. Surface Transition area Center
Green lines mark boundaries with misorientations between 5° Fig. 5. Statistics of area percentages and grain sizes of ESCs

and 15°. Different colors represent different grain orientations.

at different distances from the surface to the center.
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nificantly decreased with the introduction of ESC collectors.
Fig. 7 shows the ESC distribution at four different positions
of the ingate runner equipped with the ESC collector. The
quantity and size of the ESCs significantly decreased when
the melt flow passed by the ESC collector (Fig. 7(a) and (b)).
Additionally, more ESCs appeared inside of the ESC collect-
ors (Fig. 7(c) and (d)). These results demonstrated that the
collector efficiently collected ESCs. Shrinkage pores form at
ESC boundaries due to solidification contraction [22]. Here,
a greater amount of larger island-shrinkage pores appeared
from the skin layer to the center zone. Thus, gaps among
ESCs decreased due to ESC reduction in the final castings
due to the ESC collector. As reported by Li ef al. [22] and Yu
et al. [14], net-shrinkage pores are typically produced among
connected ESCs because gaps among ESCs are difficult to
fill. The quantity and size of net-shrinkage pores were re-
duced and dispersed in castings with the introduction of ESC
collectors (Fig. 3(a;)—(a;) and (b;)—~(bs)). Fewer ESCs re-
mained in the melt, and thus a higher fraction of liquid metal
was in the die cavity, which increased shrinkage in the cavity
during melt solidification. Thus, the porosity volume in-
creased from 0.271 to 0.321 mm’, with a corresponding per-
centage increase from 0.164% to 0.194%, when the ESC col-
lector was introduced in the conventional runner. The speci-
men produced with the ESC collector exhibited better mech-
anical performance compared with the specimen produced
without the ESC collector under the same casting pressuriza-
tion (Fig. 6). Song et al. [26] and Sun et al. [27] reported that
the strength and elongation of HPDC magnesium alloys are
related to porosity volume fractions and pore sizes. We dis-

the surface in (a).
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covered that the mechanical performance was strongly re-
lated to the ESC fraction instead of the porosity volume (Fig.
6 and Fig. 3). Furthermore, it was reported that ductility was
related to the area fraction of porosity on the fracture surface
and not the average 3D volume fraction of porosity [18].
More pores appeared on the fracture surface of the specimen
produced without the ESC collector compared with the spe-
cimen with the ESC collector (Figs. 8(a) and 9(a)).

The tensile fracture surfaces of HPDC bars produced
without and with ESC collectors are shown in Figs. 8 and 9,
respectively. For both specimens, cracks initiated from the
center of the bars as pores were mainly accumulated there.
These cracks and pores then propagated to the circumference

y b -
= v A ot ) ~
gt > [ e U3 Y e - *r ‘_' ?‘,A L € B T

Fig. 7. Microstructure morphologies of corresponding posi-
tions of the specimen.
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Fig. 9. Tensile fracture with the ESC collector: (a) the overall morphology of the fracture and (b—d) enlarged areas from the sur-

face in (a).

edge of the radial structures for the specimens produced
without the ESC collector. Flatter fractures were found in the
bar obtained with the ESC collector. Li et al. [16] reported
that transgranular fractures generally produced a flat fracture
morphology, while intergranular fractures produced a rough
fracture morphology. Tearing ridges resulted from the evolu-
tion of slip bands where ESCs were dominant [15]. Herein, in
comparison with the fracture surface of casting produced
without ESCs collectors shown in Fig. 8, Fig. 9 shows less
tearing ridges caused by the lower quantity ESCs due to the
ESCs collectors. Connected net-shrinkage pores (Fig.
3(a;)(ay)) facilitate crack propagation. However, these
cracks were deflected by the island-shrinkage pores in the
specimen produced with the ESC collector.

5. Conclusion

In this study, we investigated the influence of casting pres-
surization and mold runner design on the 2D and 3D micro-
structure of HPCD castings. Our results confirm that accu-
mulated ESCs favor the formation of net-shrinkage pores in
castings. Pressurization strongly reduced the porosity volume
through the optimization of the liquid feeding performance
during melt solidification. Runner collectors efficiently re-
duced the quantity and size of ESCs with 7% and 8 um in
castings. Furthermore, continuous staggered lines in defect
bands were broken, and net-shrinkage pores in defect and
center zones were significantly reduced. Tensile tests showed
that transgranular fractures accompanied with less ESC
cleavage occurred in castings produced with the ESC collect-

or, while intergranular fractures accompanied with more
ESCs occurred in castings produced without the ESC collect-
or. The mechanical properties of HPDC castings were re-
lated to ESC fractions rather than porosity volumes.
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