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Abstract: The fluidity of A356 aluminum alloy was experimentally determined at the melt tempera-
tures and vacuum degrees by a series of suction fluidity tests. In order to achieve different cooling
rates during the test, quartz tubes, as well as stainless steel tubes, were employed as the fluidity
channels. As the melt temperature increased from 650 to 730 °C, fluidity lengths either linearly
increased from 26 to 36 cm or parabolically increased from 13 to 29 cm when quartz tubes or stainless
steel tubes were employed, respectively. As the vacuum degree of the fluidity test increased from
0.005 to 0.03 MPa, fluidity increased from 25 to 43 cm in quartz tubes while the smaller increase in
fluidity from 20 to 31 cm was observed in stainless steel tubes. Shorter fluidity lengths in stainless
steel tubes than those in quartz tubes under the same fluidity measurement condition were due to
faster solidification speed confirmed by microstructural analysis. In order to predict the fluidity of the
A356 alloy obtained from the suction fluidity tests, a mathematical model was developed based on
heat and mass transfer equations coupled with thermodynamic calculations by ChemApp software.
The simulation results show good agreement with the fluidity length obtained in the present study.
From a series of model calculations, the effects of casting parameters on the fluidity of the A356 melt
were discussed.
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1. Introduction

Recently, Al alloys have been widely used in the automotive industry in order to
counteract several critical issues such as weight reduction of vehicles, increasing demand
for the electric powertrain system, integration of many parts by single piece casting, etc.
In this circumstance, a lot of efforts have been made to develop novel aluminum alloys
with excellent mechanical properties or thermal properties. In addition to those excellent
properties, the castability of the Al alloys should be considered in the alloy design, especially
for large-size thin-walled aluminum die casting.

Generally, the castability of casting alloys was determined by fluidity, which is defined as
the distance a liquid metal flows in a mold until it is stopped by solidification. Fluidity is not a
physical property, such as density, but a complicated behavior related to the fluid flow and so-
lidification of the liquid or liquid—solid two-phase of an alloy under specific conditions of a cast-
ing practice. Therefore, fluidity can be affected not only by the thermodynamic characteristics
of the alloy (alloy chemistry [1-9], melt temperature [7,10,11], and viscosity [12,13], etc.) but
by various parameters of fluidity tests (measurement method [1,14], mold temperature [15,16],
mold coating [17,18], etc.). For example, different fluidity lengths of the A356 alloy from
the spiral mold test at the same pouring temperature were reported in the literature stud-
ies [14,17]. Due to this complex character of fluidity, direct comparisons and utilization
of fluidity data from the literature studies are difficult for the optimization of casting pa-
rameters unless the casting conditions are similar to the fluidity measurement conditions.
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Therefore, the prediction of the fluidity of an aluminum alloy during the casting process in
an arbitrary condition may be useful to find a casting condition with better castability or to
develop a novel cast alloy with excellent fluidity. In terms of alloy design, the thermody-
namic properties of an aluminum alloy and their impacts on fluidity should be intensively
considered in the fluidity modeling. However, the previous research studies on the fluidity
simulation [19-22] paid less attention to changes in the thermodynamic properties of an
aluminum alloy during the fluidity measurements.

In this study, an attempt is made to develop a mathematical model coupled with
thermodynamic calculations to predict the fluidity of an aluminum alloy under various
casting conditions. A356 aluminum alloy, a typical cast alloy for gravity or low-pressure
die casting, was selected as a starting material for experimental investigation and numer-
ical modeling of the fluidity of aluminum casting alloys. In order to minimize possible
experimental errors from fluidity measurements by inconsistent melt and mold conditions,
a suction fluidity test, the most simple technique for fluidity measurement, was employed
in the present study.

2. Experiments
2.1. Suction Fluidity Test

The experimental apparatus and procedure of the present suction fluidity test are
shown in Figures 1 and 2, respectively. An electric resistance furnace equipped with SiC
crucible was used to melt about 120 kg of A356 aluminum ingot. The same amount of
A383 alloy, a high-pressure die casting alloy with excellent fluidity, was also prepared and
subjected to the suction fluidity test for comparison. Compositions of the two aluminum
alloys employed in the present study were summarized in Table 1. The temperature
of the aluminum melt was controlled from 650 to 730 °C which covers typical casting
temperatures of the A356 alloy in low-pressure die casting. Once the aluminum ingots
were fully melted, the gas bubbling filtration process was conducted for 10 min under
10 L/min of Ar flow rate and 200 RPM of rotor speed conditions to remove dissolved
hydrogen in the melt. After the removal of dross on the aluminum melt surface, the
suction fluidity tests were conducted by using quartz or SS316 stainless steel tubes in the
same dimension (OD 8 x ID 6 x L 600 mm). Once a sampling tube was immersed in the
aluminum melt, a small amount of the melt started to flow into the tube by opening the
valve at the vacuum chamber. The vacuum degree in the vacuum chamber was controlled
in the range of 0.005 to 0.03 MPa. When the suction process was finished, the sampling
tube was disassembled from the Tygon ® tube line and subjected to air cooling. The
suction fluidity of the aluminum melt was evaluated by measuring the length of solidified
aluminum specimens in the sampling tubes. At least three fluidity tests were done for a
typical measurement condition in order to check the reproducibility of the fluidity data.

F
A. K-type T/C

B. Quartz/SS tube

E C. Tygon® tube
D. Valve
C E. Vacuum chamber
G F. Pressure gauge

G. Vacuum pump
= H. Resistance furnace

Figure 1. Schematic diagram of the experimental apparatus of the present suction fluidity test.
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Figure 2. The experimental procedure of the present suction fluidity test.

Table 1. Alloy compositions (wt%) of the A356 and A383 aluminum alloys employed in the
present study.

Alloy  Si Mg Mn Fe Cu Ti Sr Zn Al Liquidus CO)*

A356 732 035 - 0.10 002 012 0.014 - Bal. 618
A383 1036 025 019 097 18 0.04 - 117 Bal. 586

* Liquidus of each Al alloy was calculated by FactSage [23,24] thermodynamic software and its Al alloy database
(FTlite).

2.2. Microstructure Observation

The top, middle, and bottom parts of the fluidity samples from the suction fluidity
tests were cut, ground, and polished up to 0.04 pm alumina suspension in order to examine
the solidification cross-section microstructures of the specimens. The morphology of a-Al
dendrites in the fluidity samples of the A356 alloy was observed by optical microscope
(Eclipse MA 200, Nikon, Tokyo, Japan). The dendrite arm spacing of primary a-Al dendrites
was quantitatively measured from optical microscope images by image analysis software
(iSolution DT, IMT iSolution Co., Daejeon, Republic of Korea). At least 20 data of dendrite
arm spacing were obtained and averaged for accuracy.

3. Fluidity Modeling of the A356 Alloy

A schematic diagram to describe the concept of the present fluidity model is shown in
Figure 3. At first, all of the model parameters and initial conditions were assigned in the
calculation to calculate the initial velocity of the A356 melt at a typical melt temperature
and vacuum degree condition. With those initial conditions, model parameters, and initial
velocity of the A356 melt, mass transfer of the A356 melt from the furnace to the suction
tube was calculated for a time step At (0.005 s). Once the length of the A356 melt sucked
into the tube for a time step was calculated by solving mass transfer equations, the heat
loss of the A356 melt in the tube was calculated by a number of heat transfer equations.
This calculation process, mass transfer calculation, and subsequent heat transfer calculation
at the same time step was repeated until the velocity of the A356 melts becomes less than
0.001 m/s.
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Figure 3. Schematic diagram of the calculation process of the present fluidity model.

3.1. Mass Transfer Calculation

Similar to the other model describing a suction fluidity test [19,20], the mass transfer
of the A356 melts into the suction tube during the suction fluidity test was calculated based
on Bernoulli’s equation:

v? P 2
_ref | Zref _v% B
zg 08 + xref = Zg + g + X+ Aht (1)

where v, P, x, p, g, and Ah are the velocity of the melt moving into the suction tube, pressure
on the melt, fluidity length, density of the melt, gravitational acceleration, and pressure
loss in the A356 melt flowing into the suction tube, respectively. Subscript ref and t of v, P,
x denote the velocity, pressure, and suction length at the reference point, and at the elapsed
time t in seconds after the suction test begins, respectively. For the mass transfer calculation
based on Equation (1), the A356 melt was assumed to be incompressible and inviscid. By
considering the reference point as the free surface of the A356 melt out of the suction tube,
Uref and X5 are zero and P,y is equal to the atmospheric pressure. Therefore, Equation (1)
changes into:

Ut = M — Xt — Al’lt = szc — Xt — Aht (2)
P8 (4

where Py, is the vacuum degree of the suction fluidity test. If the time step At is small
enough to assume x; and Ah; are equal to x;_a; and Ah;_ a4, then vy could be calculated
from the x and Ak values at the previous time step. Then fluidity length at time ¢, x; could
be obtained by:

t—1
Xy = Z v At 3)
k=0
In the present suction fluidity model, pressure loss term Ah consists of three contributions:

Ahy = AR + AKE + Al @)

Ah{ , Ah{, and Ahj are head loss due to friction, head loss at the entrance to the suction
tube (entrance loss head), and head loss due to surface tension at time ¢, respectively.

Ah{ , the loss of pressure in tube flow due to resistance near the melt-tube interface, is
formulated as:

2
X0
A = 7L 5
t f t 2 gd ( )
where f; and d correspond to friction factor at time t and inner diameter of the suction
tube, respectively. Among various formulas of f reported from literature studies, a for-
mula applicable from laminar flow to turbulent flow [25] was considered in the present

fluidity model:
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where Rey, €1, and p; indicate Reynolds number, surface roughness, and viscosity of the
A356 alloy at time ¢, respectively. For simplicity of the present model, the surface roughness
€ was assumed to be a constant value, 1.5 nm. During the suction fluidity test, the viscosity
of the A356 melt moving into the suction tube could be increased due to a decrease in the
melt temperature or formation of primary «-Al by solidification. Therefore, the Einstein—
Roscoe type equation was employed to predict the viscosity u of the A356 melt in a liquid
single phase or with crystalline phases during the suction fluidity test as below:

U = ytL (1 — ts> ) (10)

where uk, 5, ¢, and n are the viscosity of the liquid single phase of the A356 alloy
at time £, mass fraction of solid in the A356 melt at time ¢, critical solid fraction, and a
model constant, respectively. In the present study, ;' was calculated based on the viscosity
model for the Al-Cu-Mg-5i system suggested by Zhang et al. [26]. When the temperature
of the A356 melt in a suction tube becomes lower than the liquidus temperature of the
A356 alloy, ul was assumed to be the viscosity of the A356 melt at liquidus temperature.
At every time step, the mass fraction of the solid in the A356 melt was calculated from
the equilibrium calculation by ChemApp [27] linked into the main program code in C
language with FactSage thermodynamic database (FTLite) [23,24]. The critical solid fraction
was considered as a model parameter and optimized to be 0.3 in order to obtain the best
agreement with the measured fluidity data. n was set to be 5 as suggested by the similar
suction fluidity modeling research with AC4CH alloy [20].
Other contributions to the pressure loss, Alf and Ahj, are defined as below:

AW—gﬁ— 11)
47y

A =21 (12)
' pgd

Here, {, the entrance loss coefficient, was assumed to be 0.8, which is a typical value
for the fluid flow condition from a reservoir into a pipe dipping into the reservoir [28].
Moreover, T, the surface tension of the A356 melt at time t was calculated based on the
surface tension model in binary Al-Si liquid suggested by Kobatake et al. [29].

3.2. Heat Transfer Calculation

Once the velocity and mass of the A356 melt in the suction tube at a certain time
step was determined from the mass transfer calculation, then heat transfer of the melt was
calculated by considering the heat balance of the A356 melt in the suction tube as below:

q?,tp = q?p + qu =+ qts,p + QIIf_,Ip (13)

qﬁfp, heat changes in the segment p of the A356 melt at time ¢, is formulated as below:



Metals 2022, 12, 1986

6 of 13

2 —

iy = 0Cr—atp %AXPW (14)
where C;_ At,ps Tt,p, and Axp are the heat capacity of the segment p of the A356 melt at
time t — At, temperature of the segment p of the A356 melt at time ¢, and the length of the
segment p, respectively. At every time step, the heat capacity of each segment of the A356
melt at an arbitrary temperature condition was determined by ChemApp calculation [27].
qu, heat transfer between segment p and p + 1 (conductive heat transfer into segment

p) of the A356 melt at time ¢ is formulated as below:

D _ 4 md? Ax Ti—atp+1 — Tr—atp
Qt,p metal 4 p Axp

(15)

where ket cOrresponds to the thermal conductivity of the A356 alloy, which is set to
be 0.151 kW/m?2-K [30] in the present model. Similarly, qE , the heat transfer between
segment p — 1 and p (conductive heat transfer out of segment p) of the A356 melt at time ¢
is formulated as below:

U rd? Ax Ti—atp — Tr—atp—1
dtp metal 4 p—1 Axp,1

(16)

For segment 1 (the suction front of a fluidity sample, see Figure 3) of the A356 melt,
qu is defined as heat convection at the melt-air interface of the segment 1 of the A356 melt
at time £:

2
= hAir%(thAt,l — Thir) (17)
where fi5; and Ta;, are the convective heat transfer coefficient of the A356 melt—air interface
(0.025 kW /m?-K [31]) and atmospheric temperature (25 °C), respectively.
qts,p/ heat transfer of the segment p of the A356 melt to the suction tube through the
melt-tube interface at time ¢, is defined as:

q'ts,p = hwallﬂdAXp(Tt_At,p - TWIZZZ) (18)

where hyy,;; and Ty, are the heat transfer coefficient at the A356 melt-tube interface and
the suction tube temperature (25 °C), respectively. In the present study, hyy,;; values were
optimized in order to obtain the best agreement with the measured fluidity lengths at
different tube material conditions. th’Ip, latent heat of the segment p of the A356 melt at time
t, is defined as:

H md* us fus )

Gtp = 05 Dxp(Hy onrp = Hi“arp (19)

where H{i{sAt,p is the heat of the fusion of the segment p of the A356 melt at time t — At,
which was obtained by the enthalpy difference between the hypothetical single liquid phase
and equilibrium phase of the liquid-solid mixture at the temperature of the segment p from
ChemApp [27] equilibrium calculations. All the heat transfer equations on the right-hand
side of Equation (13) (Equations (15)-(19)) could be solved by using thermal information
of each segment of the A356 melt calculated at previous time steps, and the length of the
segment p derived from the mass transfer calculation at the present time step. Therefore,
temperatures of each segment of the A356 melt at the present calculation time ¢ (T} ) could
be calculated from Equation (14) substituted into the left-hand side of Equation (13).

4. Results and Discussion
4.1. Effect of Melt Temperature on the Fluidity of A356 and A383 Alloy

Figure 4 shows the effect of the melt temperature and superheat on the fluidity of the
A356 alloy from suction fluidity tests. As the melt temperature increased, the fluidity of the
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A356 alloy increased almost linearly. The linear relationship between melt temperature and
fluidity was also found in A383 alloy, showing similar slope. Compared to the fluidity of
A383 alloy designed for high-pressure die casting, the fluidity of the A356 alloy designed for
gravity or low pressure die casting shows lower values. From other fluidity measurements
by using spiral sand mold and strip permanent mold [14] or vacuum suction apparatus [10],
linear dependency between fluidity lengths of aluminum alloys and melt temperatures was
also confirmed, but the slopes were different from each other. When the fluidity lengths
of the two alloys were plotted with respect to superheat (Figure 4b), the fluidity lengths
of both A356 and A383 alloys showed the same linear relationship between the suction
fluidity and superheat of the melts. From the literature, however, remarkable differences in
the fluidity lengths for different aluminum alloys with the same superheat (70 °C) were
reported from the strip permanent mold test [14]. Therefore, additional efforts are necessary
to clarify the simultaneous effects of superheat and fluidity measurement conditions on the
fluidity of aluminum alloys.

50 . : , : 50 T T T T T T T
(a) Vacuum degree : 0.01MPa (b) Vacuum degree : 0.01MPa
45l Tube material : Quartz 45 Tube material : Quartz ]
R ES
E 40t Q40 - 1
C3 4 = -7
235 . i . Z'g 35 i " ]
i 30 P ] 30f B ]
P Alloy grade 7 Alloy grade
+ B A356 /%’ B A356
25} <€ A383 ] 25r -~ < A383
20 : ) ) : 20 ) ) L L L ; )
640 660 680 700 720 740 0 20 40 60 80 100 120 140 160
Melt temperature (°C) Superheat (°C)

Figure 4. The effect of (a) melt temperature and (b) superheat on the fluidity of A356 and A383 alloy.
4.2. Effect of Vacuum Degree on the Fluidity of the A356 Alloy

When the vacuum degree for the suction fluidity tests was increased from 0.005 to
0.03 MPa, fluidity of A356 alloy increased from 25 to 43 cm, as shown in Figure 5a. Unlike
the linear dependency between melt temperature and fluidity length, the fluidity of the
A356 melt showed a parabolic increase as the vacuum degree increased up to 0.03 MPa.
From the point of view of fluid dynamics, the fluidity length should be proportional to
the vacuum degree if the pressure loss (Ah) is negligible in the mass transfer equation (see
Equation (1)). However, the friction loss in a tube flow, the major contribution of pressure
loss, generally increases as the flow rate increases [28]. Therefore, the gradual increase
and convergence of fluidity with an increase of the vacuum degree, as shown in Figure 5a,
might be due to higher pressure loss (higher fluidity loss) in the suction flow of the A356
melt under a higher vacuum degree condition.

Figure 5b shows measured fluidity lengths at different melt temperatures under 0.01
and 0.02 MPa of vacuum degree. In terms of the enhancement of the fluidity of the A356
melt, the increase of the vacuum degree was more effective than the increase of melt
temperature. For example, fluidity of the A356 melt under 0.01 MPa of vacuum degree was
improved from 26 to 33 cm by the melt temperature increase from 650 to 710 °C. A similar
degree of fluidity enhancement could be achieved by an increase of the vacuum degree
from 0.01 to 0.02 MPa at 650 °C. A linear relationship between suction fluidity and melt
temperature with the same slope was observed again when the vacuum degree increased
from 0.01 to 0.02 MPa.
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Figure 5. The effect of (a) vacuum degree and (b) both vacuum degree and melt temperature on the
fluidity of the A356 alloy.

4.3. Effect of Tube Materials on the Fluidity of the A356 Alloy

When the material of suction tubes was changed from quartz to stainless steel, fluidity
of the A356 melt decreased by more than 20% as shown in Figure 6a. Especially, the
measured fluidity of the A356 melt at 650 °C was drastically decreased when stainless steel
suction tubes were employed in the suction fluidity test. As shown in Figure 6b, fluidity
lengths measured in stainless steel tubes increased as the vacuum degree increased, but
improvement of the fluidity by a higher vacuum degree was less significant in the stainless
steel tube when compared to that in the quartz tube. Shorter fluidity lengths of the A356
melt determined in stainless steel tubes might be due to the high solidification rate during
the fluidity measurement.

40 T T T T 50 T T T T T T
(a) &  (b) ]
- 45 -
35 P 1 . ]
£ ; + ol '
30f ]
> % ig > g, L
5 25} L 1 5 30f . i =T
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L 20f - mQuatz | = * + _
®ss 20f A R
15 1
+ Vacuum degree : 0.01MPa 15F Melt temperature : 690°C
10 i L 1 1 1 10 1 L 1 1 1 L
640 660 680 700 720 740 0.005 0.010 0.015 0.020 0.025 0.030
Melt temperature (°C) Vacuum degree (Mpa)

Figure 6. The effect of tube materials on the fluidity in the A356 alloy with respect to (a) melt
temperature and (b) vacuum degree.

In order to investigate the solidification behavior of the A356 alloy during the suction
fluidity measurement, microstructure observation was performed on different positions of
fluidity samples measured at 650 °C of the melt temperature and 0.01 MPa of the vacuum
degree by both a quartz tube and a stainless steel tube. In the case of the fluidity sample in
the quartz tube, the suction front (1-E and 1-C on the left-hand side of Figure 7) has coarse
«-Al dendrites compared to the middle (2-E and 2-C on the left-hand side of Figure 7), and
tube entrance (3-E and 3-C on the left-hand side of Figure 7). The slower cooling rate at the
suction front could occur due to lower heat transfer from the melt to the air by convection
than heat transfer from the melt to the suction tube. Meanwhile, the microstructure of
the fluidity sample at the tube entrance (3-E and 3-C on the right-hand side of Figure 7)
showed coarser a-Al dendrites than that at the suction front (1-E and 1-C on the right-hand
side of Figure 7) or middle part (2-E and 2-C on the right-hand side of Figure 7) when
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a stainless steel tube was employed. Different from a quartz tube, a stainless steel tube
absorbed a large amount of heat from the aluminum melt once the tube was immersed
into the melt at the beginning of the fluidity measurement. Therefore, the coarse a-Al
dendrites at tube entrance of the fluidity sample from a stainless steel tube can be formed
due to low solidification rate by the high temperature of the stainless steel tube. The finer
microstructures at the suction front and middle part of the fluidity sample in a stainless steel
tube than those in a quartz tube indicates solidification in the A356 melt occurred faster
in a stainless steel tube. Regardless of the tube material, the grain size of x-Al dendrites
was bigger at the center of the fluidity sample (1-C, 2-C, 3-C) than at the edge of the sample
(1-E, 2-E, 3-E). Size difference of a-Al dendrites between the center and the edge of the
fluidity sample was bigger in the sample from a quartz tube than in the sample from a
stainless steel tube, which also suggests a higher solidification rate of the fluidity sample in

the stainless steel tube.
1-E
SM SDﬂn
2-C 2-E
SM SM
3-C 3-E
SOLm 50£n

Figure 7. Microstructure of the fluidity samples of the A356 alloy obtained at 650 °C of the melt
temperature and 0.01 MPa of the vacuum degree in a quartz tube (left) and a stainless steel tube

1-C

(right) after air cooling.

In order to estimate the solidification rate of the fluidity samples during the suction
fluidity tests, the dendrite arm spacing of a-Al grains was measured at the different
positions. Solidification rates were calculated based on the dendrite arm spacing—cooling
rate relationship available from reference [32]. As summarized in Table 2, the solidification
rates of the A356 melts in a quartz tube range from 2.15 to 68.2 °C/s. Cooling rates of the
A356 melt in a stainless steel tube were predicted to be much higher (maximum 379 °C/s)
than those in a quartz tube. If the estimated cooling rates in the fluidity samples were very
close to the real solidification rates, solidification of the A356 melt in the stainless steel tube
could occur during a very short time (less than a second) of the suction process. Therefore,
it was concluded that the fast solidification speed of the A356 melt in a stainless steel tube
resulted in short fluidity lengths of the A356 melt in stainless steel tubes.
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Table 2. Dendrite arm spacing and solidification rate of the fluidity samples of the A356 alloy at
650 °C of the melt temperature and 0.01 MPa of the vacuum degree.

Cent Ed
Tube Vertical enter 8¢
Material Position DAS Solidification Rate T DAS Solidification Rate *
(1m) (°Cls) (um) (°Cl/s)
1 32.1 2.15 30.9 2.39
Quartz 2 18.1 10.6 10.4 49.6
3 13.9 219 9.29 68.2
1 7.76 112 5.02 379
Stainless
8.28 94.0 5.11 359
steel
3 33.1 1.96 30.7 243

* Cooling rate = (DAS/42.328)(1/~03%) [32],

4.4. Calculation Results of the Present Fluidity Model

Figure 8 shows the model calculations of fluidity length and temperature of the
suction front at different heat transfer coefficients hy,; under 0.01 MPa of the vacuum
degree and 650 °C of the melt temperature condition. When the hy,;; value increased
from 3 to 7 kW/m? K, both fluidity length and sampling time were predicted to decrease
(Figure 8a) and the cooling rate was calculated to increase (Figure 8b). The hy,;; values in
the best agreement with the measured fluidity lengths (the dotted lines in Figure 8a) were
optimized to be 3.8 and 6 kW/m? K for quartz tubes and stainless steel tubes, respectively.
According to the calculation results of the present fluidity model, the suction processes of
the A356 melts during the fluidity tests were predicted to be finished in less than 0.25s.
The estimated solidification rates of the A356 melts during suction fluidity tests were in the
range of 58 to 126 °C/s, which are similar to the calculated cooling rates from the dendrite
arm spacing summarized in Table 2. Regardless of the heat transfer coefficient hyy,;, fluid
flows in the suction tubes were calculated to be stopped around 605 °C because the solid
fraction in the A356 melt calculated by equilibrium calculation became similar to the critical
solid fraction at the temperature.

30
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—_ et PEDED“ S e40f i, |
£ 5 it oy e W B (KW/m2K)
(&) i i 7 oke 5
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& e T 3 610 ]
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Sampling time (sec) Sarﬁpling time (sec)

Figure 8. Calculation results of the present fluidity model with different heat transfer coefficients:
(a) fluidity length and (b) temperature change at the suction front of the fluidity sample.

Calculation results from the present suction fluidity model at 690 °C under different
melt temperatures, vacuum degrees, and tube material conditions are shown in Figure 9
with the experimental results. As can be seen from Figure 9a, calculation results of the
present suction fluidity model showed good agreement with the measured fluidity data at
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different melt temperatures under 0.01 MPa of vacuum degree condition. At the vacuum
degree conditions higher than 0.02 MPa, however, the calculated fluidity values showed
significant deviations from the experimental data. This discrepancy might come from the
simplicity of the present fluidity model or underestimation of friction losses in the model.
Within the range of the temperature (650 to 730 °C) and vacuum degree (0.005 to 0.02 MPa)
covered in the present study, the fluidity model could be available to optimize the casting
parameters for the thin-wall casting of A356 alloy.

40 T T T T 50 T
(a) ﬁ 45 (b) 1
351 E
— /é 40 ]
iEa 0¢ 1 S5t i
= 2
S 25F 1 = 30¢ ]
S
= = 25} ]
20 Exp. Calc. Exp. Calc.
Quartz B — 20 ¢ Quartz m —
15[ SH e — ] SS A —
® Vacuum degree : 0.01MPa 15¢ Melt temperature : 690°C

10 1 1 1 1 1 1
1%40 660 680 700 720 740 0.005 0.010 0.015 0.020 0.025 0.030
Melt temperature (°C) Vacuum degree (Mpa)

Figure 9. Comparison of the measured fluidity lengths with the calculation result of the present
fluidity model at (a) different melt temperatures, (b) different vacuum degrees.

In order to elucidate the casting parameter which significantly determines the fluidity
of the A356 alloy, a series of model calculations were conducted by changing the melt
temperature, the vacuum degree, and the heat transfer coefficient hyy,;;. Calculated fluidity
lengths were summarized in Figure 10 in terms of general casting parameters, such as
superheat and initial velocity of the melt. From Figure 10, the most effective casting
parameter to enhance the fluidity of the A356 alloy was found to be the initial velocity of
the melt regardless of superheat and heat transfer coefficient conditions. Enhancement of
fluidity by an increase of superheat was almost negligible at 1.0 or 1.5 m/s of initial velocity
condition. At the initial velocity conditions higher than 2.0 m/s, however, fluidity increased
remarkably as the superheat increased. Similarly, fluidity lengths at higher initial velocities
decreased more remarkably as the heat transfer coefficient from the melt to the mold
increased from 3.8 to 5 kW/m? K. Those negligible effects of superheat or heat transfer
coefficients on fluidity at low initial velocity conditions could be predicted from the model
calculations because the fluid flow of the A356 melt was mainly hindered by friction at the
melt channel (or mold) interface, not by viscosity changes with partial solidification in the
melt at low fluid velocity conditions. At higher initial velocity conditions, the A356 melt
was calculated to travel inside the mold further (longer fluidity length) resulting in a larger
interfacial area for heat loss from the melt. In this condition, casting parameters related to
the solidification of the A356 melt such as superheat and heat transfer coefficient affect the
fluidity remarkably. Nevertheless, the effect of the superheat or heat transfer coefficient
on the fluidity of the A356 alloy might be overestimated in the present model due to the
low mold temperature (25 °C) set in the model calculation. Even though the application of
the present fluidity model is limited to melt superheat, the initial velocity of the melt, and
heat transfer coefficient conditions investigated in the present study, the model calculations
shown in Figure 10 could be useful to optimize several casting parameters for the thin-wall
casting of the A356 alloy with similar casting thickness and to prevent casting failures such
as misrun or cold shut.
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Figure 10. Prediction of the fluidity of the A356 melts at arbitrary superheat and initial velocity
conditions with different heat transfer coefficients: (a) h = 3.8 kW/m?2 K, (b) h =5 kW /m?2 K.

5. Conclusions

The fluidity of the A356 alloy was experimentally investigated at the melt temperatures
from 650 to 730 °C and the vacuum degrees from 0.005 to 0.03 MPa by suction fluidity tests
with either quartz or stainless steel tubes. As the melt temperature or the vacuum degree of
the suction fluidity test increased, the fluidity lengths increased from 25 to 43 cm in quartz
tubes while shorter fluidity lengths from 13 to 32 cm were observed in the stainless steel
tubes. From the measured dendrite arm spacing of a-Al grains, the solidification rates in a
quartz tube were estimated to be a maximum of 68.2 °C/s; a much faster solidification speed
of up to 379 °C/s was determined in a stainless steel tube. By optimizing the heat transfer
coefficient parameter, the present suction fluidity model coupled with thermodynamic
calculations showed good agreement with the measured fluidity data in both quartz and
stainless steel tubes. From a series of model calculations, the initial velocity of the melt
was found to be the most effective factor for the improvement of the fluidity of the A356
alloy. Moreover, casting parameters related to solidification, such as superheat and heat
transfer coefficients, were found to affect the fluidity more significantly at higher casting
speed conditions.
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