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Abstract: Vacuum die casting can reduce the “air entrapment” phenomenon during casting process. Based on the temperature
measurements at metal—die interface with different processing parameters, such as slow shot speed (V1), high shot speed (Vy),
pouring temperature (7,,) and initial die temperature (7},), inverse method was developed to determine the interfacial heat transfer
coefficient (IHTC). The results indicate that a closer contact between the casting and die could be achieved when the vacuum system
is used. It is found that the vacuum could strongly increase the values of IHTC and decrease the grain size in castings. The IHTC
could have a higher peak value with increasing the 7}, from 680 to 720 °C or the V| from 0.1 to 0.4 m/s. In addition, the influence of

the /'y and T}, on IHTC could be negligible.
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1 Introduction

Many works have proven that the heat transfer
behavior at the metal-mold interface plays an important
role on the microstructure and the consequent
mechanical properties of the final product in all the
casting processes [1,2], such as, high pressure die casting
(HPDC), gravity die casting, low pressure die casting,
squeeze casting, sand casting and semisolid casting. The
statistics in 2012 reveals that the pressure die-castings of
Mg and Al account for about 83.6% Mg and 59.7% Al in
industry structure [3]. Herein, it is necessary to obtain the
reliable experimental values of the interfacial heat-
transfer for HPDC. It has been proven that this can be
characterized by an interfacial heat flux (¢) and an
interfacial heat transfer coefficient (4, also IHTC) [4,5].

In the HPDC process, liquid metal is transferred
into the shot sleeve from the crucible and injected into
the water-cooled die under high pressure. This typical
process makes the heat transfer in HPDC process
different from the most of the conventional casting
processes [6,7]. As a result of this question, study about

the interfacial heat transfer behavior at the metal—die
interface has been carried out, especially, after the
emergence of new numerical approaches associated with
inverse heat conduction problems. For example,
EL-MAHALLAWY et al [8] reported that a further
increase in the applied casting pressure could hardly
change the thermal field and the heat flux. DOUR et al [9]
reported that high shot speed and high die temperature,
rather than the casting pressure, had a prominent role in
the heat transfer coefficient and heat flux. PAPAI and
MOBLEY [10] found that the peak value of heat flux or
heat transfer coefficient decreases as the initial die
temperature increases. By using a special temperature
sensor unit (developed by Tsinghua University,
China) [11,12], the influence of runner system type, as
well as the influence of casting geometry and processing
parameters on the interfacial heat transfer coefficient
during HPDC was investigated. It was found that the
process parameters such as casting pressure and shot
speed only have secondary influence on the IHTC peak
value in comparison to the initial die temperature.

It was found that lowering atmospheric pressure in
the shot sleeve and die cavity in HPDC could minimize
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the porosity of the castings for the subsequent heat
treatment processing without the blistering risk. However,
until now, less work has been performed to investigate
the evolution of interface heat transfer behavior from
HPDC to vacuum die casting [13,14]. Herein, in this
work, we investigated this evolution by cover-plate die
designed by Siemens Company. Furthermore, the effects
of process parameters, such as slow shot speed, high shot
speed, pouring melt temperature and die temperature, on
q and h values were also studied.

2 Experimental

2.1 Casting design

A practical automobile die casting namely the
“cover-plate” casting was used in the present study, and
the configuration of it is shown in Figs. 1(a) and (b). The
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biscuit of the casting was designed with a diameter of
70 mm and a thickness of 20 mm. The dimension of
cover-plate is 180 mm (length) x 135 mm (width) x
(2.0—2.7) mm (thickness). The temperature measurements
were performed at three positions marked as T1, T2 and
T3 with their corresponding thicknesses of 2.5, 2.0 and
2.7 mm, respectively. A fast sensor response and proper
location of the sensor should be satisfied for the inverse
method application [11]. In order to gain a sufficiently
rapid response time and obtain accurate temperature
readings, a special temperature sensor unit (TSU) was
designed and installed in the fixed die. Figure 1(c) shows
the configuration of the temperature sensor unit. In
convenience, six thermocouples were inserted and
welded inside a HI13 steel block (its chemical
composition is same as that of the die, as given in
Table 1). Each of these thermocouple probes was
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Fig. 1 Configuration and dimension of cover-plate casting (a, b) and schematic diagram of temperature measurement details about

metal—die interface (c)
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sheathed with a stainless steel circle of 0.5 mm in
diameter and 0.045 mm diameter. Six
thermocouple probes were placed with three different
distances to the metal—die interface: 1, 3 and 6 mm, and
at each distance, two thermocouples were used to adjust
(i.e., A1 and 42, Bl and B2, and C1 and C2). Real-time
temperature data were then recorded using Spartan data
logging system (96 isolated analog input channels)
manufactured by the Integrated Measurement
Corporation with a sampling rate of 500 Hz. In series of
tests, the response time was in a range of 7—10 ms. The
interfacial heat transfer coefficient was calculated using
an inverse method based on the principle proposed by
BECK [15] and our previous work [11,12]. A common
approach is based on the minimization of the sum of the
squared errors between the calculated and the measured
data, i.e.,

in  wire

N
F(h) =3 (T~ Y)

i=1
where 7; and Y; are calculated and measured
temperatures at various thermocouple locations. The
chemical compositions of the AM60B and the die
material H13 steel are given in Table 1. Table 2 gives the
thermal properties of the related materials in this study.

Table 1 Chemical compositions of AM60B alloy and H13 steel
(mass fraction, %)

AM60B

Al Zn Mn Si Fe Cu Ni Be Mg

5.90 0.053 0.326 0.0311 0.0010 0.0014 0.0008 0.0008 Bal.

H13

C Mn Si S P Cr Mo A\ Fe

0.396 0.36 0.94 <0.005 <0.025 5.05 125 0.82 Bal

Table 2 Thermal properties of related materials
Thermal property AM60B H13
Thermal conductivity, 1/(W-m™-K™") 72 31.2-0.0137°
1050 478-0.219T
Density, p/(kg-m ) 1810  7730-0.24T
Solidus temperature, 75/°C 470 1471
Liquidus temperature, 7;/°C 595 1404
Latent heat, L/(J-kg ") 373000 209350

T stands for temperature, °C

Specific heat capacity, c,/(J kg K™

2.2 Casting processing parameters

The experiments were performed using AM60B
alloy on a TOYO 650 t cold-chamber die casting
machine (Toyo Machinery & Metal Co., Ltd., Akashi,
Japan). The configuration of shot sleeve and the

distribution of shot speed are shown in Fig. 2. During the
HPDC process, the molten AMO60B liquid was
transferred into the shot sleeve from a crucible through
feeding pipe. Then, the plunger tip moved with different
speeds at different steps. Concerning about basic process,
the plunger tip moved with a slow shot speed of 0.15 m/s
from 70 mm to 270 mm under a filling ratio of 20.1%.
Subsequently, for pushing the melt into the die cavity, the
plunger moved at 4.0 m/s in the high shot speed for the
rest length of the shot sleeve. At 295 mm, the casting
pressure was increased to 87 MPa. In each set of
experiment, only one of the processing parameters,
including slow shot speed (VL), high shot speed (Vy),
pouring temperature (7,), initial die temperature (7,)
was varied and the rest parameters were kept the same as
the basic condition as given in Table 3. There were 200
shots performed and the first 20 shots were used to
preheat the dies to reach the thermal equilibrium state.

Feeding pipe
Molten alloy Shot sleeve
d70 mm/
- ' A Plunger tip
‘ | -
Q
Vu g
Mold v, 2
<
w2
295 270 70 0
Distance/mm

Fig. 2 Configuration description of shot sleeve and distribution
of shot speed

Table 3 Parameters of slow shot speed (¥1), high shot speed
(Vn), pouring temperature (7,,) and initial die temperature (7,)

Processing parameter co?lZ?':icon Variable
Pouring temperature, 7,,/°C 700 680, 720
Die temperature, 7,,/°C 180 140, 220
Casting pressure/MPa 87 -
Slow shot speed, VL/(m~sfl) 0.15 0.1,0.2,03,04
High shot speed, Vy/(m-s ") 4.0 3.0,5.0

2.3 Microstructural observation

The specimens were cut from the position marked
as A near the position T1 in Fig. 1 by electro-discharge
machining and then mounted in epoxy. The cross
sections of assemblies were ground with silicon carbide
and then successively polished with 6, 3, 1 and 0.25 pm
diamond suspensions. To avoid the work-hardening
caused by conventional grinding, a chemo-mechanical

polishing was performed using Al,O; suspension
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(particle size: 0.04 um). Subsequently, the specimens
were etched with a diluted acetic acid solution (50 mL
distilled water, 150 mL anhydrous ethyl alcohol and
1 mL glacial acetic acid) to reveal the microstructure.
Software Micro-image Analysis and Process System
(MIAPS) was employed to perform the quantitative
analysis of the ESCs area fraction.

3 Results and discussion

3.1 Differences of interfacial heat transfer between

HPDC and vacuum die casting

Figure 3 presents the die temperature evolutions
with time at position T1 in HPDC and vacuum die
casting performed under the basic condition. The die
temperature curve was obtained by the average values
measured at the same distance. The maximum variation
between two temperature profiles measured at the same
distance never exceeded 4 °C. The similarly repeated
strongly suggested that these temperature
measurements are credible. As for vacuum die casting,
the die temperature peaks at 1 and 3 mm could reach 265

curves
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and 215 °C, respectively. These values are much higher
than those obtained from HPDC (225 and 200 °C). This
difference indicated that the vacuum system in vacuum
die casting process could ameliorate the heat transfer
ability in die cavity.

Figure 4 presents the variations of interfacial heat
transfer coefficient (%) and interfacial heat transfer flux
(g) obtained from inverse method of AM60B alloy at
positions T1, T2 and T3 during the 30th cycle under the
basic condition. The peak values of g and / vary at
different positions and casting thicknesses. The peak
values of interfacial heat transfer coefficient (/) and
interfacial heat transfer flux (gn.x) are listed in Table 4.
As for vacuum die casting, the interfacial heat transfer
coefficient (/) of position T1 near the overflows
reaches 19.0 kW-m >K', the second peak value is
9.2 kW-m >K ' at position T2 near the gate of the
thinnest position, and the lowest peak is 6.3 kW-m >K '
at position T3 near the gate of the thickest position.
Similar patterns exist in the heat flux (¢max). In this work,
the thicknesses of die cavity at T1, T2 and T3 are 2.5,
2.0 and 2.7 mm, respectively. The Ay, and g, values at
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Fig. 3 Die temperature measured at position T1 at 1, 3 and 6 mm apart from melt—die interface in HPDC (a) and vacuum die

casting (b)
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Fig. 4 Variations of interfacial heat flux (¢) and interfacial heat transfer coefficient (#) of AM60B alloy with time at positions T1, T2

and T3 in 30th cycle
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Table 4 Values of ¢.x and A, in Fig. 4
Vacuum die casting HPDC

Sensor location 5 — 5 E—
Imax/ (MW m ) e/ (kW-m = -K ) Gmax/ (MW m ) Pima/ (KW m = -K )

T1 6.0 19.0 32 8.0

T2 3.7 9.2 3.0 7.7

T3 24 6.3 3.5 10.3

position T1 in vacuum die casting are much higher than
those in HPDC, corresponding to 8.0 kW-m >K ™' and
3.2 MW-m 2, respectively, these values at position T2 in
vacuum die casting are higher than those in HPDC, but
these values of position T3 in vacuum die casting are
lower than those in HPDC. This indicates a trend that the
IHTC peaks near the overflow is higher than that near
the gate, and the IHTC at the thinnest position is higher
than that at the thickest position. It is opposite the
general trend that the IHTC peaks near the gate is higher
than that near the overflow, and the IHTC at the thickest
position is higher than that at the thinnest position in
HPDC. According to the previous reports [11—13], the
interface becomes increasingly important on the heat
transfer when the interface is changed. Furthermore,
these differences strongly suggest that vacuum system in
HPDC can reduce the gas in die cavity to ameliorate the
interfacial contact conditions between die and melt. The
position T1 near the vacuum pumping has higher
vacuum degree than the position T2 and T3 far from the
vacuum pumping, so high vacuum degree can
significantly reduce the pressure of the filling metal, so
as to decrease the amount of trapped gas between the die
and metal and achieve a closer contact of metal-mold
interface, and lager contact area is more conductive to
heat transfer. In addition, it can be found that the curves
of g and / at three positions rapidly rise to the peak and
overlap together in HPDC. However, in vacuum die
casting, the rising part of the g and 4 curves at position
T3 is later up to peak, indicating that the melt firstly
reaches T1, T2 and then T3, that is to say, the high
vacuum degree could influence the melt flow and
improves interfacial heat transfer flux (¢) and interfacial
heat transfer coefficient (%) by increasing the contact area
between the die and metal during the filling stage.

For checking the vacuum effect on microstructural
morphology of AMG60B alloy, the specimens for
microstructural observations were extracted from the
position 4 near T1 because the strongest variation of the
IHTC was found at position TI1. The relevant
microstructures are shown in Fig. 5. For both HPDC
processes, the externally solidified crystals (ESCs) tend
to aggregate in the center along the thickness direction of
the castings. Compared with the HPDC, the
vacuum-assisted system in the HPDC significantly
reduces the size and amount of ESCs, and the ESCs tend

Fig. 5 Cross sectional morphologies of AM60B alloy at
position 4 (T1) in vacuum die casting (a, ¢) and HPDC (b, d)

to become smaller and more globular. To achieve a better
understanding on the effect of vacuum, quantitative
analysis of the ESCs average diameter and area fraction
were performed with an area of 300 um % 200 um. The
percentages and average size of ESCs are 11.44% and
8 pum in vacuum die casting, and these in HPDC are
22.09% and 17 pm, respectively. It is found that the
HPDC under the vacuum could significantly change the
morphology and distribution of the microstructure.
According to the previous report, higher ¢ and / values
mean a better contact between the melt and die and could
arouse a faster heat release. Then, the faster heat release
results into a faster solidification rate [10,16—18]. Herein,
AMO60B produced by vacuum die casting has much more
fine structure and less ESCs than that produced by
HPDC, as shown in Figs. 5(c) and (d).

3.2 Influence of different casting parameters on ¢ and
h in vacuum die casting
Figure 6 summarizes the effect of slow shot speed
(V1), high shot speed (Vy), pouring temperature (7;,) and
initial die temperature (7},) on interfacial heat transfer
coefficient (%) at three positions T1, T2 and T3. In details,
with increasing the slow shot speed (from 0.1 to 0.4 m/s),
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Fig. 6 Effect of slow shot speed (V1) (a), high shot speed (Vy) (b), pouring temperature (7},) (c) and initial die temperature (7;,) (d) on

interfacial heat transfer coefficient (%) at positions T1, T2 and T3

humax increases from 13 to 21 kW-m 2K ' at position T1,
and increases from 5 to 7 kW-m >-K ' at position T3. As
seen, the peak values of % increases with increasing the
slow shot speed. The same trend is found with pouring
temperature increasing from 680 to 720 °C: the /Ay,
increases from 16 to 19.4 kW-m 2-K ™' at position T1 and
increases from 8 to 11 kW-m %K' at position T2.
According to the previous report about heat transfer
behavior between melt and shot sleeve, lower slow shot
speed could allow more heat release and increase the
content of ESCs [14,17,18]. Finally, the melt with much
lower temperature is filled into die cavity. Hence, the
lower 4 is found under the lower slow shot speed.
Similarly, the higher pouring temperature means that the
melt with higher temperature could be filled into die
cavity under the same casting parameters. However,
when the high shot speed is increased from 3.0 to 5.0 m/s,
and the die temperature is increased from 140 to 220 °C,
no variation of IHTC is found, so, the influence of high
shot speed and die temperature could be negligible. In
addition, the fluctuation of IHTC is found at position T2
with increasing the slow shot speed, as shown in
Fig. 6(a), and no variation of IHTC is found at position
T3 with increasing pouring temperature, as shown in
Fig. 6(c), which should be caused by the effect of

thickness of die cavity on / in step-casting [19,20].

The relevant microstructures of the cross section at
different slow shot speeds and pouring temperatures of
vacuum die casting are shown in Figs. 7 and 8,
respectively. With increasing of slow shot speed from 0.1
to 0.4 m/s and pouring temperature from 680 to 720 °C,
the ESCs tend to aggregate in the center of the specimens,
and the width of aggregation becomes smaller, which is
consistent with the result of LAUKLI et al [18]. This
suggests that much more heat could be released in the
cavity with increasing the slow shot speed. Herein, less
ESCs with smaller size are found at higher slow shot
speed and higher pouring temperature because of the
higher 4. This is accordance with the variation of ¢ and 4
shown in Fig. 6. This phenomenon is based on the idea
of local slip occurring in the dendrite network as a result
of fluid passing a stagnant solidifying wall layer [21-23].
In addition, the samples were solution treated at 413 °C
for 16 h and then aged at 168 °C for 16 h. Figure 8
shows that more ESCs with larger size can be found in
the center of castings at lower pouring temperature,
especially at 680 °C.

The presence of ESCs could lead to shrinkage pore
during solidification, and this type of porosities was
the potential sources for the crack initiation [17,24]. The
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Fig. 7 Optical micrographs of cross section of AM60B alloy (at position 4 in Fig. 1(a)) cast with different slow shot speeds:

(a) 0.1 m/s; (b) 0.2 m/s; (c) 0.3 m/s; (d) 0.4 m/s

Fig. 8 Optical micrographs of cross section of AM60B alloy (at position 4 in Fig. 1(a)) cast with different pouring temperatures:

(ay, a3) 680 °C;  (by, by) 700 °C; (cy, ) 720 °C ((ay—c,) show morphologies of central region on cross section)

large and scattering ESCs significantly reduce the
mechanical properties. Based on the relationship
between the IHTC and the casting solid microstructure,
the boundary condition model described above is
applied to calculating the thermal field and thermal
equilibrium of the “cover-plate” casting, and guiding the
die design.

4 Conclusions
1) The temperature peaks at 1 and 3 mm reach 265

and 215 °C near the flow in vacuum die casting which
are much higher than those in HPDC (225 and 200 °C).

The interfacial heat flux and transfer coefficient reach
6.0 MW-m* and 19.0 kW-m > K" near the flow in
vacuum die casting which are much higher than those in
HPDC (3.2 MW-m *and 8.0 kW-m >K ).

2) Under vacuum die casting, the filling process is
modified and the microstructural observation reveals that
less ESCs and more fine grains form.

3) In vacuum die casting process, increasing the
pouring temperature from 680 to 720 °C or slow shot
speed from 0.1 to 0.4 m/s could lead to a higher
IHTC peak value. The influence of high shot speed
(Vg, 3.0-5.0 m/s) and initial die temperature (7},
140220 °C) on g and /4 could be negligible.



2606

Hong-mei YANG, et al/Trans. Nonferrous Met.

References

(4]

(3]

(8]

(9]

[10]

(1]

[12]

KAI H, PEHLKE R D. Metal-mold interfacial heat transfer [J].
Metallurgical Transactions B, 1985, 16: 585—594.

ZHANG Ang, LIANG Song, GUO Zhi-peng, XIONG Shou-mei.
Determination of the interfacial heat transfer coefficient at the
metal-sand mold interface in low pressure sand casting [J].
Experimental Thermal and Fluid Science, 2017, 88: 472—482.
SAMEER D K. Magnesium and its alloys in automotive applications
— A review [J]. American Journal of Materials Science and
Technology, 2015, 4: 12-30.

LONG A, THORNHILL D, ARMSTRONG C, WATSON D.
Determination of the heat transfer coefficient at the metal/die
interface for high pressure die cast AlSigCusFe [J]. Applied Thermal
Engineering, 2011, 31: 3996—4006.

DARGUSCH M S, HAMASAIID A, DOUR G, LOULOU T,
DAVIDSON C J, St JOHN D H. The accurate determination of heat
transfer coefficient and its evolution with time during high pressure
die casting of Al-9%Si—3%Cu and Mg—9%Al-1%Zn alloys [J].
Advanced Engineering Materials, 2007, 9: 995-999.

JIA Liang-rong, XIONG Shou-mei, LIU Bai-cheng. Study on
numerical simulation of mold filling and heat transfer in die casting
process [J]. Journal of Materials Science and Technology, 2000, 16:
269-272.

CHIANG K T, LIU N M, TSAI T C. Modeling and analysis of the
effects of processing parameters on the performance characteristics
in the high pressure die casting process of Al-Si alloys [J].
International Journal of Advanced Manufacturing Technology, 2009,
41: 1076-1084.

EL-MAHALLAWY N A, TAHA M A, POKORA E, KLEIN F. On
the influence of process variables on the thermal conditions and
properties of high pressure die-cast magnesium alloys [J]. Journal of
Materials Processing Technology, 1998, 73: 125—138.

DOUR G, DARGUSCH M, DAVIDSON C, NEF A. Development of
a non-intrusive heat transfer coefficient gauge and its application to
high pressure die casting: Effect of the process parameters [J].
Journal of Materials Processing Technology, 2005, 169: 223—-233.
PAPAI J, MOBLEY C. Die thermal fields and heat fluxes during die
casting of 380 aluminum alloy in H-13 steels [C]// Proceedings of the
NADCA Congress and Exposition. Detroit, 1991.

CAO Yong-you, GUO Zhi-peng, XIONG Shou-mei. Determination
of the metal/die interfacial heat transfer coefficient of high pressure
die cast B390 alloy [J]. IOP Conference Series: Materials Science
and Engineering, 2012, 33: 1-10.

GUO Zhi-peng, XIONG Shou-mei, CHO Sang-hyun, CHOI
Jeong-kil. Study on heat transfer behavior at metal/die interface in
aluminum alloy die casting process I: Experimental study and

BEFEHHIER AR I Z &4X R ik

M, TR,

m OE AT
TR (T,) RS B AT U IR (T » 2L 520 I
SRRy, B
VERE BT 680 °C 5
JEERIR LA 06 T 5 o 7 T 468 44 2R R S ] DA 20

Yg?jj(})i ]72;
L VRS MRIRL S TR, 65T 100084; 2. TEHERY ot B HlIE#E HE &
SRR AR NI R R LR BT AR RN, WREEEE (V) R (V) BE
G SRR G IR SR S SR AR AT LA 5 R S 4 A R L

RGN A5 S A T s ek, B R PR S e R B N R ok R e
| 720 °C BAGEHE H 0.1 m/s &5

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

ES7Y

Soc. China 28(2018) 2599-2606

determination of the interracial heat transfer coefficient [J]. Acta
Metallurgica Sinica, 2007, 43: 1149-1154.

KASPRZAK W, SOKOLOWSKI J H, YAMAGATA H, ANIOLEK
M, KURITA H. Energy efficient heat treatment for linerless
hypereutectic Al-Si engine blocks made using vacuum HPDC
process [J]. Journal of Materials Engineering & Performance, 2011,
20: 120-132.

WANG Qing-liang, XIONG Shou-mei.
pressure die casting of AZ91D magnesium alloy at different slow
shot speeds [J]. Transactions of Nonferrous Metals Society of China,
2014, 24: 3051-3059.

BECK J V. Nonlinear estimation applied to the nonlinear inverse heat
conduction problem [J]. International Journal of Heat & Mass
Transfer, 1970, 13: 703-716.

XIONG Shou-mei, LIU Bai-cheng. Study on numerical simulation of

Vacuum assisted high-

mold-filling and solidification processes of shaped casting [J].
Chinese Journal of Mechanical Engineering, 1999, 12: 4-10.

LI Xiao-bo, GUO Zhi-peng, XIONG Shou-mei. Correlation between
porosity and fracture mechanism in high pressure die casting of
AMO60B alloy [J]. Journal of Materials Science & Technology, 2016,
32: 54-61.

LAUKLI H I, GOURLAY C M, DAHLE A K. Migration of crystals
during the filling of semi-solid castings [J]. Metallurgical &
Materials Transactions A, 2005, 36: 805—818.

WANG Qing-liang, XIONG Shou-mei. Effect of multi-step slow shot
speed on microstructure of vacuum die cast AZ91D magnesium alloy
[J]. Transactions of Nonferrous Metals Society of China, 2015, 25:
375-380.

ZHANG Jian-min, WANG G C, HE Yan-ming, HE X D. Effect of
joining temperature and holding time on microstructure and shear
strength of Ti,AlC/Cu joints brazed using Ag—Cu filler alloy [J].
Materials Science and Engineering A, 2013, 567: 58—64.

DAHLE A K, STJIOHN D H. Rheological behaviour of the mushy
zone and its effect on the formation of casting defects during
solidification[J]. Acta Materialia, 1998, 47(1): 31-41.

YU Wen-bo, CAO Yong-you, LI Xiao-bo, GUO Zhi-peng, XIONG
Shou-mei. Determination of interfacial heat transfer behavior at the
metal/shot sleeve of high pressure die casting process of AZ91D
alloy [J]. Journal of Materials Science & Technology, 2017, 1:
52-58.

WANG Bai-shu, XIONG Shou-mei. Effects of shot speed and biscuit
thickness on externally solidified crystals of high-pressure diet cast
AM60B magnesium alloy [J]. Transactions of Nonferrous Metals
Society of China, 2011, 21: 767-772.

LI Xiao-bo, XIONG Shou-mei, GUO Zhi-peng. On the porosity
induced by externally solidified crystals in high-pressure die-cast of
AMBG60B alloy and its effect on crack initiation and propagation [J].
Materials Science & Engineering A, 2015, 633: 35-41.

SR EAR

2

2 OEREM 2, &

sEEG e, JERT 100084

0.4 m/s I, Ft et R BOEAERE 2 B v, T s

KR AR ST SRR R R

i iR

(Edited by Bing YANG)



