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Effect of pressurizing speed on filling behavior of
gradual expansion structure in low pressure casting

of Z1205A alloy
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Abstract: The mold filling behavior of gradual expansion structure in low pressure casting was studied by two
phase flow model using the Volume of Fluid method, and was verified by water simulation with a Plexiglas mold. To
get smooth mold filling process and provide a guide for the pressurizing speed design in the producing practice, the
mathematical model with the pressurizing speed, expansion angle and height of the gradual expansion structure
was established. For validation experiments, ZL205A alloy castings were produced under two different pressurizing
speeds. Weibull probability plots were used to assess the fracture mechanisms under different pressurizing
speeds. Mechanical properties of ZL205A alloy were applied to assess the entrainment of oxide film. The results
show that the filling process of a gradual expansion structure in a low pressure casting can be divided into the
spreading stage and filling stage by gate velocity. The gate velocity continues to increase in the gradual expansion
structure, and increases with the increase of pressurizing speed or expansion angle. Under the effect of the
falling fluid raised by the jet flow along the sidewall, the fluid velocity decreases in the jet zone from ingate to free
surface. As such, oxide film entrainment does not occur when the gate velocity is greater than the critical velocity,
andthe gate velocity no longer reflects the real state of the free surface. The scatter of the mechanical properties is

strongly affected by the entrainment of oxide films.
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he liquid aluminum alloy surface is always covered

with a layer of oxide film. If the surface oxide film
is broken, a new thin oxide film will form immediately,
then it will become thicker. However, the broken oxide
film can be entrained in the bulk liquid by the surface
turbulence, and some large thick oxide films are easily
detected by non-destructive testing and microscopy in
the finished castings . The surface oxide film can be
folded to double layers in the entrainment process, and
the bonding between the opposed interfaces is negligible,
causing the defect to then resemble and act as a crack'.
Recent studies announced that the double oxide film
defects, entrained during the filling process when the
velocity of liquid aluminum is greater than a critical
gating velocity, are the main reason for the failure of
aluminum castings "~ Runyoro ' and Bahreinian "
indicated the critical velocity is 0.5 m-s” in the bottom
gating system.
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Low pressure casting (LPC) is regarded as an effective
solution to avoid the entrainment of oxide film ™.
However, Liu et al.® demonstrated that the oxide film
could be entrained during the filling process of a sudden
expansion structure at an unreasonable pressurizing
speed in LPC process, which is also the case of sudden
contraction structure in LPC """, Tt is obvious that the
filling behavior and inclusions in LPC are influenced not
only by pressurizing speed but also by the variation of
cross-section of cavity.

In the present work, the filling behavior of a plate-
shaped casting with a gradual expansion structure in
LPC was studied by the experiment and simulation
analysis. The relationship among the pressurizing speed,
expansion angle and height of the gradual expansion
structure was established, and the mechanical properties
of ZL205A alloy was applied to assess the entrainment
of oxide film.

1 Experimental procedures

1.1 Computational modeling

A computational fluid dynamics (CFD) code, FLUENT,
was employed in this work and the filling process was
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simulated by the VOF (Volume of Fluid) algorithm of two-phase
flow model. To visually verify the numerical simulation results,
water was used as the filling medium. The physical data of water
used in numerical simulation are listed in Table 1.

Table 1: Physical data of water used for numerical
simulation

Surface tension
coefficient
(Nem™)

Dynamic
viscosity
(Paes)

Contact angle
(kgem™) ©)

Density

998 160 0.072 0.000839

1.2 Water simulation test

According to the principle of similarity theory, dynamic
similarity is the primary factor affecting the kinematic similarity.
In this work, the principal similarity criterion is Reynolds:

Re,=Re,, €))
where the Re is a dimensionless number, called Renault number
and the suffix “a” and “w” stand for Al alloy and water model,
respectively.

Water simulation was observed and the filling behavior was
recorded by particle image velocimetry (PIV). The PIV, as a
transient flow field measurement technique, has recently been
used in a wide variety of fields, the measurement system of
which consists of a double pulse laser, charge coupled device
(CCD camera), personal computer (PC) and software. The
double pulse laser is a combination of a pair of Neodymium-
doped yttrium Aluminum garnet (Nd-YAG) lasers. The details
of the arrangement of the PIV system and the measurement
procedure were described by Kawaguchi ™",

Low pressure casting machine usually includes bottom vessel
and upper and lower computer, in which the computer is used
to control the pressure in the bottom vessel. The filling medium
was housed inside the bottom vessel, and the plexiglass mold
was placed on the bottom vessel with a riser tube. The surface
of the filling medium in the bottom vessel is pressed by gas,
then the filling medium was forced to rise through the riser tube
and consequently fed the plexiglass mold. The filling process
was recorded by the PIV system. The arrangement of the low
pressure casting equipment and PTV system is shown in Fig. 1.

1.3 Casting experiment

A commercial aluminum alloy ZL205A (the chemical

Fig. 1: Equipment diagram of water simulation test

Table 2: Chemical composition of ZL205A alloy (wt.%)

Cu Mn Ti \') Zr (o] B Al

505 040 023 020 010 0.18 0.010 Bal.

composition is shown in Table 2) was melted in an electrical
furnace and the melting temperature was kept at (750 + 10) °C
for 30 min. The melted liquid was degassed by bubbling pure
argon (99.99%) into the melt for 20 min using rotary degassing
at (720 £ 5) °C, then poured into a resin-bonded sand mold with
an expansion angle of 30° at (710 + 5 ) °C.

1.4 Tensile property test

Tensile samples with a diameter of 10 mm were machined from
the casting. The dimensions of the tensile samples are shown
in Fig. 2. Tensile tests were performed using a INSTRONS5569
material test machine at room temperature and a constant
drawing speed of 1 mm-min™.

12.
/Ri" 32/ VE’/
i g
S o
1Y s
. TS
20 I 70 !
110

Fig. 2: Schematic diagram of room temperature tensile
sample (all dimensions in mm)

The purpose of this work is to evaluate the effect of surface
turbulence on the reliability of castings, therefore, all the
samples were tested without heat treatment.

1.5 Weibull statistical analysis

Campbell et al. "* proved that the Weibull distribution can
be used to predict the probability of fracture. The cumulative
probability function of the Weibull distribution (Pi) is
determined by the following equation:

Pi=1-exp [- ( “%‘:T )’"] )

where ¢ is the given stress; oy is the threshold value below
which no specimen is expected to fail; g, is the scale parameter;
and m is the shape parameter often referred to as Weibull
modulus.

It can be plotted as a straight line by re-arranging Eq. (2), as
follows:

In [-In (1 - Pi)] = mln(o - oy) - mln (a,) 3)

When the left-hand side of the equation is plotted as a
function of In(o - ay), a linear form of three-parameter Weibull
plot with the slope of m and an intercept of mlin(s,) could be
derived. If the threshold value o, is zero, a two-parameter plot
then is obtained.
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2 Results and discussion

2.1 VOF simulation results

Three physical models of gradual expansion structure with
different expansion angles (30 °, 45 © and 60 °) were designed
to study the effect of expansion angle on the filling process in
LPC, as shown in Fig. 3.

Fig. 3: Schematic diagram of gradual expansion structure
with different expansion angles (unit: mm)

The average velocity of a cross section of riser tube
(called “gate velocity”) during the mold filling process was
recorded in FLUENT software. Figure 4 shows the gate
velocity of the gradual expansion structure with different
expansion angles under a pressurizing speed of 1,000 Pa‘s ™.
The mold filling process of the gradual expansion structure
with different expansion angles under a certain pressurizing
speed can be divided into raising stage (characterized by the
damping oscillations), spreading stage (characterized by the
dramatic increase of velocity) and filling stage (characterized
by the increase of velocity with relative lower accelerated
speed) according to the change rules of the gate velocity, this
phenomenon was also observed in Liu’s work . The gate
velocity increases with the expansion angle under a constant
pressurizing speed and has the same tendency during the
filling process of the gradual expansion structure with different
expansion angles.
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Fig. 4: Gate velocity of gradual expansion structure with
different expansion angles under 1,000 Pa-s™

The gradual expansion structure with the expansion angle
of 30 ° was adopted to illustrate the effect of pressurizing
speed on gate velocity. Figure 5 shows that the gate velocity
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of the gradual expansion structure with a constant expansion
angle of 30° under different pressurizing speeds. The gate
velocity increased during the filling process with the increase
of pressurizing speeds, and also had the same tendency under
different pressurizing speeds.
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Fig. 5: Gate velocity of gradual expansion structure with
expansion angle of 30 ° under different pressurizing
speeds

The filling behavior and velocity field under different
pressurizing speeds in the gradual expansion structure with
the expansion angle of 30 © are shown in Fig. 6. The velocity
vector diagram shows that there is a jet zone above the ingate
during the filling process under different pressurizing speeds,
as shown in Fig. 6(a2). At the beginning of the filling stage,
the free surface remained smooth under different pressurizing
speeds [Fig. 6(al) at 7.4 s, (bl) at 3.4 s and (cl) at 1.4 s]
due to relatively low gate velocity and inability of oxide film
entrainment.

With the increase of the pressurizing speed, the free surface
becomes less smooth. The free surface of the liquid exhibits
convex curvature under the effect of the jet and the raising
liquid falls back due to the gravity resulting into falling
velocity, as shown in Fig. 6(b2). The falling velocity is the
main reason for entrainment of air or oxide film.

The gate velocity kept increasing during the filling process
in the gradual expansion structure, which caused the increase
of the jet intensity. When the pressurizing speed was 600
Pa- s, the falling velocity of the liquid near the free surface
was low (lower than 0.1 m's™) and the free surface was almost
smooth, as shown in Fig. 6(a2) and (a3). Nevertheless, in the
case when the pressurizing speed rose to 800 Pa-s™, the falling
velocity were greater than 0.2 m-s” in Fig. 6(b3). The radius
of curvature of the free surface above the jet zone decreased
and the free surface was no longer smooth. In other words,
the surface turbulence took place. This means that the filling
process is not steady and the entrainment of surface oxide
film was occurred. For the pressurizing speed of 1,300 Pa‘s™,
similar results were obtained, as shown in Fig. 6(c2) and (c3).

According to the balance of the inertia force and the surface

1 [2]

tension, Campbell ' suggested that the critical velocity of

water was 0.33 m's” in the bottom gating system of gravity
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curvature

pressuring speeds in gradual expansion structure:
(a) 600 Pas™, (b) 800 Pa-s™, (c) 1,300 Pa's™

casting. Liu et al. "* pointed out that the critical velocity
(0.33 m-s™) is also applicable to vacuum suction casting in the
filling process of the sudden expansion structure. The main
reason is that the velocity of the fluid, in the jet zone from
ingate to free surface, remains almost unchanged in the filling
process of the sudden expansion structure. It can be considered
that the inertia force of the fluid in the ingate acts on the liquid
free surface directly. Therefore, the oxide film entrainment
could not occur when the gate velocity is lower than the
critical velocity.

However, during the filling process of the gradual expansion
structure in the low-pressure casting, the velocity of the fluid
kept decreasing in the jet zone from ingate to the free surface.
The reason is that the falling fluid is raised by the jet flow
along the sidewall of the gradual expansion structure, resulting
in a downward velocity component which acts on the jet zone
and lowers the velocity. Therefore, the velocity of the fluid
reaching the height of the liquid level near the free surface
was less than the critical velocity, although the gate velocity
was greater than that. Obviously, in this case, the gate velocity
itself no longer determines whether the entrainment of oxide
film occurs. The entrainment is affected by the action of gate
velocity, expansion angle and the height of liquid level.

2.2 Water simulation test

In order to validate the VOF simulation results, a PIV system
was employed to observe the filling behavior in LPC. Figure
7 shows the filling process of water simulation under different
pressurizing speeds in a gradual expansion structure. When

Fig. 7: Water simulation results of entrainment behaviors in gradual expansion structure under
different pressurizing speeds: (a) 633 Pa's™, (b) 794 Pa-s™, (c) 1,270 Pa‘s™
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the pressurizing speed was 633 Pa-s”', the filling process
was steady and smooth, as shown in Fig. 7(a). While the
pressurizing speed was 794 Pa-s™, the free surface remained
smooth in the initial stage of the filling process (almost
the filling stage). During the subsequent filling process [at
0.4 s in Fig. 7(b)], the free surface of the liquid exhibited a
convex curvature, and the air entrainment was not observed.
However, bubbles were observed at 1.6 s, which means the
air entrainment occurred (Actually, air entrainment in water
corresponds to oxide film entrainment in Al alloys in this
work). Similar results were obtained when the pressurizing
speed was 1,270 Pa-s™, as shown in Fig. 7(c). The intensity of
surface turbulence increasing with the filling time is attributed
to the increasing gate velocity during the filling process of the
gradual expansion structure in LPC.

2.3 Pressurizing speed design

When the expansion angle of a gradual expansion structure
reached 90°, the gradual expansion structure transformed to the
sudden expansion structure. Furthermore, the filling behavior
of the gradual expansion structure was close to that of the
sudden expansion structure when the expansion angle was near
90° due to the reducing influence of the sidewalls on the falling
fluid. Therefore, it is reasonable to take the sudden expansion
structure as a special form of gradual expansion structure. The
method for determining the reasonable pressurizing speed in a
sudden expansion structure is ™

P _,

i ol 1+ | 4s, @)

Ap A, e

where A4; is the cross-section area of crucible (m”); 4, is
the cross-section area of raiser tube (m?®); A4, is the cross-
section area of mold cavity (m®); g is the gravity acceleration
(m-s?); p is the density of liquid (Kg-m™); v, is the critical
velocity (m-s?); P(¢) is the pressure function of time (Pa); ¢
is time (s). The units of measurement used in this work are
international standard measurement units.

Due to the gate velocity continuing to increase during the
filling process of the gradual expansion structure, the gate
velocity will reach to the maximum value when the liquid
level advances to the maximum cross-section area of the
gradual expansion structure. Just to ensure the oxide film
entrainment does not occur at the maximum cross-section area
of the gradual expansion structure, the oxide film entrainment
will be avoided during the whole filling process. In the case
of the gradual expansion structure, the H, (m) is the height of
the gradual expansion structure, and also represents the height
of the liquid level where the oxide film entrainment occurrs,
A,is the cross-section area (m’) and B, is the thickness of the
gradual expansion structure (m), € is the expansion angle (°).
The cross-section area at the top of gradual expansion structure
can be expressed as:

Ay= A+ H, B, tand (5)

Replacing the 4, in Eq. (4) with 4, in Eq. (5), the
pressurizing speed in gradual expansion structure is expressed
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as follows:

dP(f) _ A; A,

@ P\ AF B A | ©

From the Eq. (6), the pressurizing speed is influenced by
the expansion angle and the height of the gradual expansion
structure besides the cross-section areas of furnace and riser
tube. In practice, the pressurizing speed is sensitive to the
expansion angle and the height of the gradual expansion
structure, as the cross-section areas of furnace and riser tube
are normally constants for the LPC equipment.

In order to prove the accuracy of Eq. (6), the height of
air entrainment was measured under different pressurizing
speeds in the gradual expansion structure with an expansion
angle of 30 ° by water simulation test, and the comparison
result is shown in Fig. 8. The results of the calculation and the
experiment suggested that the height of oxide film entrainment
occurrence increased with the decrease of the pressurizing
speed. Although the error of the results between the experiment
and calculation was 50 mm when the pressurizing speed was
600 Pa-s™, this value decreased to 2 mm when the pressurizing
speed was 2,000 Pa‘s™. The computational results of our model
were in satisfactory agreement with the experimental results
in high pressurizing speed, which showed the validity of the
models in the work.

¢ Water simulation test
— Eq.(3)
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Fig. 8: Results comparison between water simulation
test and Eq. (3) during filling process of gradual
expansion structure with expansion angle of 30°

According to Eq. (6), the relationship of pressurizing speed,
expansion angle and the height of oxide film entrainment
showed in Fig. 9. The 3D surface denoted the critical state,
above which the oxide film would be entrained. In practice,
the dimensions of a casting are well known in that the height
and expansion angle are known, consequently, the pressurizing
speed should be chosen below the 3D surface to avoid the
entrainment of oxide film. The calculation results suggested
that the height of oxide film entrainment occurrence increased
with the decreasing of the pressurizing speed and expansion
angle. For the gradual expansion structure, lower pressurizing
speed and expansion angle reduce the gate velocity during the
filling process, as shown in Fig. 5 and Fig. 4, respectively. The
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velocity near liquid level, decreasing with the gate velocity,
lower than critical velocity, may ensure a smooth filling
process and avoid oxide film entrainment.

of entrainment
()

Height

Fig. 9: Relationship of pressurizing speed, expansion
angle and height of oxide film entrainment

2.4 Casting experiment results

Equation (5) has been proved by water test and numerical
simulation results. In order to further confirm the validity of
this mode, two ZL205A alloy castings of gradual expansion
structure also with the expansion angle of 30 ® were produced,
and the pressurizing speed was designed by Eq. (5). According
to Eq. (5), the critical pressurizing speed is 1,800 Pa-s" when
the sand mold height is 200 mm and the expansion angle is

of red box in (b)

observed in the both specimens with pressurizing speeds of
1,500 Pa-s™ and 2,000 Pa-s™, respectively. For ZL205A alloy,
the crystallization range is about 90 K" and the fluidity is
poorer than Al-Si system alloys. Thus, the shrinkage cavity
in the castings of ZL205A alloy is almost difficult to avoid.
Oxide film defects were found on the fracture surfaces of the
specimens with pressurizing speeds of 2,000 Pa-s". The EDX
analysis result shows that the oxide film contains oxygen
element with the content of 14.5%, as shown in Table 3.

A double oxide film defect can acts as a crack, causing a
major reduction in strength . The effects of these defects on

Fig. 11: Fracture morphologys with different pressuring speeds: (a)1,500 Pas™

Vol.15 No.4 July 2018

30°. Therefore, two pressurizing speeds (1,500 Pa-s™ and 2,000
Pa-s™) were applied to the casting experiment.

According to the ultimate tensile strengths three-parameter
Weibull distributions plot was constructed and is shown in Fig.
10. R? is the determination coefficient, which usually is used
to evaluate the fitting results. The closer the value of R*is to 1,
the higher the fitting degree. Based on the R” values of curve
fitting, three-parameter plots were both suitable for the two
pressurizing speeds. The threshold values of the castings under
1,500 Pa-s”" and 2,000 Pa's” were 189.3 MPa and 165.6 MPa,
respectively.

The typical fracture morphologies with different
pressurizing speeds were observed by SEM to explore the
fracture mechanism, as shown in Fig. 11. Shrinkage cavity was

a2k = 1,500 Pa's’
* 2,000 Pas’
T o, ,=1656 a0
0,=19.8 ¢ d
_OF m=217 % '
= R?=0993 _o* &
?5 Al <
< & .
-2 " ¥ o ,=1803
& o/ k. e
/ 4 0,=9.5
=1 , m=20
R? = 0.993
4
510 515 520 525 530 535
Ino

Fig. 10: Weibull distributions of ultimate tensile strengths

, (b) 2,000 Pas™, (c) magnification

mechanical properties are difficult to measure qualitatively.
Weibull distribution can be used to characterize the distribution

Table 3: EDX spectra obtained from point P1 given in

Fig. 11 (c)

Element Wt.% At.%
O 14.57 19.47
Cu 5.33 17.34
Al 78.82 62.53
Fe 1.28 0.64
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of the fracture strength of castings "'>'®. The scatter in tensile
strength was controlled by the level of the defects contained,
which appear to directly decrease the threshold value of the
castings.

Obviously, oxide film entrainment occurred when the
pressurizing speed was 2,000 Pa-s" and caused a reduction in
the threshold value of tensile properties. While the pressurizing
speed was 1,500 Pa-s”', the filling process was steady and
smooth in this work. The experiment results indicate that the
critical state calculated from Eq. (6) is accurate.

3 Conclusions

(1) The filling process in a gradual expansion structure
during LPC can be divided into spreading stage and filling
stage. The gate velocity continues to increase in the whole
mold filling process. The main reason is that the increasing
cross-section area of cavity reduces the raising of liquid level
under a constant pressurizing speed.

(2) The gate velocity increases with the expansion angle
and pressurizing speed during the filling process of a gradual
expansion structure in LPC.

(3) Differenting from the filling process of a sudden
expansion structure, oxide film entrainment does not
necessarily occur when the gate velocity is greater than critical
velocity in the gradual expansion structure filling process,
due to the velocity of the fluid decreasing in the jet zone from
ingate to free surface.

(4) To avoid the entrainment of oxide filling, a mathematical
model between the pressurizing speed, expansion angle and
the height of the gradual expansion structure was established.
According to which, the reasonable pressurizing speed can be

determined.
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