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Abstract: The burst feeding behavior of ZL205A casting under mechanical vibration and low pressure was investigated by casting
experiment and physical model. Experimental results indicated that the burst feeding appeared repeatedly during solidification and
left a shrinkage cavity with layered structure under mechanical vibration. The castings with less shrinkage and higher density could
be achieved through the vibration. The calculation results of physical model showed that the burst feeding could perform
spontaneously under vibration while difficultly without vibration in low-pressure die casting. The obstruction of a casting could be
broken and the grains could be rearranged by the vibration. And the obstruction could be carried away due to the inner and outer

pressure difference, causing a burst feeding.
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1 Introduction

ZL205A is a kind of high-strength casting
aluminum alloy widely used in China’s aerospace
industries for manufacturing of aircraft and spacecraft
because of its excellent mechanical properties [1].
However, due to its wide crystallization temperature
range, up to 100 °C, and its solidification mode of paste,
its casting performance is poor. If the casting process is
not properly designed, such casting defects as shrinkage
cavity and porosity can be easily caused [2]. In order to
enhance the feeding capacity during solidification, a

low-pressure casting is used in the production process [3].

However, there is still a large number of shrinkage
porosities in large thin-wall cylindrical castings [4].
Through the investigation, it is found that the mechanical
vibration can be used to improve the non-homogeneous
nucleation of melt [5], break the dendrite [6], increase
the filling capacity of metal fluid [7], and greatly
improve the comprehensive performance [8]. In this
work, the mechanical vibration is introduced into the
low-pressure casting, in order to solve the problem of
shrinkage cavities of ZL205A casting. The mechanism of
feeding in ZL205A casting solidified under mechanical
vibration and low pressure is significant.

In 1969, CAMPBELL and FRENG [9] proposed a
total of five feeding mechanisms: liquid feeding, mass
feeding, interdendritic feeding, burst feeding and solid
feeding. Unfortunately, since there is no direct evidence
that the burst feeding process exists in the solidification
process, this mechanism is still a logical assumption so
far. Although the influencing factors of burst feeding is
still not clear, the burst feeding concept used to explain
some solidification phenomenon is successful and
effective [10]. DAHLE and STJOHN [11] designed a
shear rheological experiment to determine the starting
temperature of burst feeding, dendrites’ beginning to lap,
and the stopping temperature, the solidus. ZHANG
et al [12] and DAHLE et al [13] believed that the
mechanical collapse of the dendrite network is possible
during the solidification process, depending on the type
of alloy and the solidification condition. During the
outbreak of dendritic network, the mechanical
rearrangement or collapse of grains is a possible way of
the feeding behavior during solidification, especially in
the paste solidification. WANG [14] found that the
shrinkage of ZL205A casting during solidification
produces several distinctive vibration, which indirectly
proved the existence of burst feeding behavior, and the
vibration only occurred in three of seven experimental
results, indicating that the burst feeding was accidental
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during the static solidification.

In summary, the burst feeding behavior has not been
studied at the microscopic level, and the effect of
vibration has less been studied on the feeding during
solidification under low-pressure casting. Therefore, it is
necessary to discuss the mechanism of burst feeding and
to verify the effect of vibration on the burst feeding
experimentally and theoretically.

2 Experimental

2.1 Experimental principle

The experimental apparatus for mechanical
vibration treatment used in this work mainly consists of a
resistance furnace, a metal mold, a pressure control
system, and a vibration motor with excitation force
ranging from 0 to 0.4 kN, as shown in Figs. 1(a)—(c). The
structure of casting is shown in Fig. 1(d).

Melt was filled into cavity through the riser under
air pressure, and vibration was transmitted to the casting
through a medium and metal mold made of 45 steel. The
filling speed, rate of pressurization, crystallizing pressure
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and other parameters during casting process could be
controlled by the pressure control system.

2.2 Experimental program

The composition of ZL.205A alloy (mass fraction, %)
was as follows: Cu 4.6—5.4, Mn 0.3—0.5, Ti 0.15-0.30,
Cr 0.05-0.20, B 0.005-0.05, Cd 0.15-0.24, V 0.05-0.25
and Mg balanced. During the casting procedure, the
temperature of the melt, the preheating temperature of
the mold, and the vibration time were precisely
controlled. Firstly, the ZL205A alloy melt was heated to
(710+5) °C, then the degassing and slag skimming
treatments were applied for 3 min approximately, and the
melt was held for 5 min. Secondly, the metal mold
preheated at (310+5) °C was installed in the pressure
tank. Then, the pressure control system, with the
pressurization rate of 5 kPa/s, crystallizing pressure of
100 kPa and holding time of 5 min, was applied to
control the low-pressure casting. Finally, the ZL205A
casting was treated by vibration with different
amplitudes and frequencies. The experimental program is
given in Table 1, including the sample without vibration.
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Fig. 1 Experiment apparatus (a—c) and structure of casting (unit: mm) (d)
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Table 1 Experimental program

Sample Frequency/Hz Amplitude/mm
A 0 0
B 5 0.8
C 15 0.5
D 25 0.2

2.3 Measuring method of shrinkage and density

The shrinkage volume and density of castings were
measured by the drainage method. Equations (1) and (2)
are used for calculating the shrinkage volume and the
density, respectively. The shrinkage distribution was
qualitatively described by the macroscopic observation
on the section of casting ordered from the most severe
level one to the lightest level four.

G -G
Vp=—3 2 (1)
PwE&
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where ¥}, is the shrinkage volume; p. is the density of
casting; p,, is the density of water; G, is the gravity of
casting in air; G, is the tension measured in water before
cutting; Gj is the tension measured in water after cutting.

3 Results and discussion

3.1 Observation of burst feeding induced by vibration

The low-pressure feeding capacity can be improved
by vibration. As shown in Table 2, after the application
of vibration, the average mass of additional feeding is
35.1 g, and the average volume of shrinkage cavity is
11.6 cm’. The castings with less shrinkage and higher
density could be achieved through the vibration.

Table 2 Castings defects

Shrinkage Density/  Shrinkage
Sample  Mass/g 3 3
volume/cm™  (grem ) level
A 2800.8 15.63 2.7967 1
B 2836.8 0 2.8038 2
C 2831.7 18.61 2.8188 4
D 2839.2 16.26 2.8203 3

As shown in Fig. 2, castings were cut in the axial
direction from the center to obtain a cross-sectional view.
Layered shrinkage cavity indicated by the arrows were
displayed in Sample C and D solidified under vibration,
while non-layered shrinkage was shown in sample A
without vibration. The shrinkage cavity didn’t appear in
Sample B. DAHLE and STJOHN [11] conjectured that
burst feeding, in some cases, could lead to the

microstructure showing a layered structure or a layered
segregation and holes.

Fig. 2 Sectional view of castings in different solidification
conditions: (a) Without vibration; (b) Vibration with frequency
of 5 Hz and amplitude of 0.8 mm; (c¢) Vibration with
frequency of 15 Hz and amplitude of 0.5 mm; (d) Vibration
with frequency of 25 Hz and amplitude of 0.2 mm;
(e) Magnification of channel; (f) Magnification of shrinkage
cavity

3.2 Physical model of obstruction in feeding process

As shown in Fig. 3, with the passage size decreasing,
the grains of obstruction become more compact and the
structure becomes more stable. DAHLE and STJOHN
[11] noted that the starting temperature of burst feeding
corresponds to a solid fraction about 0.74 for equiaxed
grain. Therefore, we focused on the possibility of burst
feeding when the passage is obstructed in this form, as
shown in Fig. 4, abstracted from the solidification region.
It is assumed that the feeding passage has captured so
many equiaxed grains to allow only one grain to pass
through the throat of feeding passage. For the complex
interaction among grains, we assume that the obstruction
of standard grains is spherical, and the size of grains is
on millimeter level, or even larger. The microscopic
interaction among the grains can be ignored compared
with the macro-force. Since the grains can be entirely
wetted by melt, the friction can be ignored.

3.3 Burst feeding without vibration

Without vibration, the obstruction achieves
mechanical equilibrium under the action of gravity,
buoyancy and pressure. If we want to break up the
obstruction, it is necessary to destroy the captured grains
in the passage.
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Fig. 3 Structure of obstructions with different sizes of feeding
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Fig. 4 Physical model abstracted from real obstruction

As shown in Fig. 5, the overall stress of grains in
the obstruction keeps balance in the vertical direction:

6Ncos a=4P 3)

where N is the interaction force between the captured
grains and the obstructed grains; P is the pressure after
the grain is offset by the gravity and buoyancy.
According to the geometry in Fig. 5, cosa = J6/3.

Captured grains

Obstructed grains

Fig. 5 Stress analysis of obstruction

Considering the captured grains and the obstruction
as a whole, the force balance in the vertical direction can
be expressed as

6nF,=10P )

where n is the number of captured grains along the
passage; Fy, is the adsorption force of the passage wall
with captured grains in the vertical direction.

In the absence of vibration, the obstruction can only
be destroyed by increasing the pressure. There are two
forms of destruction, breaking the obstructed grains and
the captured grains, and releasing the captured grains.
3.3.1 Breaking obstructed grains and captured grains

If both the obstructed and the captured grains are to
be destroyed, they both need to undergo plastic
deformation:

N cos a/[n(R cos a)z] Z e, ®)]

where e, is the yield strength of a grain.
Substituting Eq. (5) into Eq. (3), it yields

2
P> 5nRzesm (6)

Considering the relationship between the pressure
and pressure difference, P=APmR’. Substituting this
relationship into Eq. (6), the pressure difference should
satisfy

2
AP > gesm (7)

Because the strength of dendrites is 3—10 MPa [15],
to break through the obstruction, according to the
Eq. (7), the inner and outer pressure difference of
obstruction along the feeding passage should be at least
2—7 MPa.

3.3.2 Releasing captured grains

In order to remove the captured grains, it is
necessary to overcome the adhesion force between the
passage and grains, F,m,, which is equivalent to the shear
strength of alloy melt:
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F. spEF spm (8)

Substituting Eq. (8) into Eq. (4) and Eq. (3), it
yields

3nF,
>

spm

5nR>

2 ©)

Assuming that the half volume of captured grains is
trapped in the passage because of solidification, the
relationship between adhesion force Fi,, and shear
strength 74,18 F. Spm:27tR2TSp. Substituting this relationship
into Eq. (9), the pressure difference should satisfy

6nt,
AP>—F

(10)

According to Ref. [11], the shear strength of
Al-4%Si—4%Cu alloy is about 5-10 kPa. Analyzing
Eq. (10), the pressure difference should be at least
6—12 kPa to release captured grains when there is only
one layer of captured grains along the feeding passage.
However, there are a great number of grains along the
passage when it is blocked, causing the pressure
difference needed to be large. In the experiment of
WANG [14], the height of crucible was 260 mm,
approximately equal to the required pressure, so the
vibration produced by burst feeding was observed
occasionally.

In summary, under the non-vibration condition, the
formation of burst feeding is mainly due to the increasing
of inner and outer pressure difference, which is difficult
to achieve in the normal casting method.

3.4 Burst feeding with vibration

Vibration could change the structure of mixtures
[16]. If the potential energy of the system is increased
under the effect of vibration, according to the principle of
minimum potential energy, the structure before vibration
is stable, and the structure should return to the original
equilibrium state after the vibration is removed. By
contrast, the structure would change continually if the
potential energy is reduced after vibration. Therefore, the
potential energy of obstruction system is calculated to
investigate the effect of vibration on burst feeding.

As shown in Fig. 6, the potential energy of the
whole system can be given by

W =(hy+hg +he, +he )P (11)

The zero-potential energy surface is defined as
plane D,E\F\F,E,D,. According to the geometrical
relationship shown in Fig. 4, the potential energy of the
whole system can be expressed as

26

W—TRP(cos€+2x/§sinﬂ+\/§sina) (12)

where a, f and 6 are not isolated. Due to the pressure
difference, the captured grains always have the tangential
relationship with the obstructed grains. The relationship
among a,  and 6 can be expressed as

(sin # —sin a)* +(1—cosa)? +(1—cos ﬂ)z = g

13
2«/§(sinﬂ—sin ) =sinf, «a €| 0,arcsin & o
5(1—cos ) ’ ’ 3
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Fig. 6 Structure of obstruction with vibration

As shown in Fig. 7 constructed by Matlab package
due to Eqgs. (12) and (13), with the decreasing of a, the
potential energy of obstruction reduces gradually, i.e., the
smaller the a is, corresponding to the changed structure
of obstruction, the more stable the structure is. With
vibration applied to the obstruction system, the
obstruction gradually collapses, as presented in Fig. 7.
The calculation indicates that the obstruction in the
feeding passage could collapse easily with the influence
of vibration and low pressure.
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Fig. 7 Relationship of potential energy of obstruction with a

3.5 Burst feeding induced by vibration in castings

As shown in Fig. 8(a), when grains competed
through the narrow passage, they restricted each other
and clogged the throat easily. With the influence of
vibration, grains in the obstruction could be rearranged
continuously to reduce the total potential energy
according to the calculations above, causing the
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movement of grains, as shown in Fig. 8(b). When the
equilibrium of block structure was broken, the feeding
passage would be suddenly opened to form a burst
feeding, as shown in Fig. 8(c). However, with the
increasing of solid fraction in the melt, the passage
would be blocked consequentially by the flow of grains
once again, leading to the stop of burst feeding. The
feeding passage would repeat the “blocked—open—
blocked” process shown in Fig. 8, and the burst feeding
may occur in each cycle, until the vibration was
important.
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Fig. 8 Burst feeding process: (a) Feeding channel obstructed;
(b) Grains of obstruction rearranged; (c) Feeding passage
opened and burst feeding occurring

Since the passage repeated “blocked—open—
blocked” process constantly, castings would leave
layered structure under vibration [11]. Because of the
obstruction of feeding passage, shrinkage of casting
during solidification would lead to a great negative
pressure in the center of casting, leaving a shrinkage
cavity, as shown in Figs. 9(a) and (b). Under the impact
of vibration, the obstruction was opened, and then a large
amount of slurry metal burst into the casting. However,
the molten metal filled-in was not enough to fill
the cavity completely. With the decreasing of negative

pressure, the feeding process became more and more
difficult until the filling stopped. Since the metal film
was lifted up suddenly, the edges of the film were tilted
upwards, as shown in Fig. 9(c). Due to the shrinkage of
solidification, the film separated from the liquid metal
and formed the first film, as shown in Fig. 9(d). The
layered structure was formed by the intermittent burst
feeding under the dual role of pressure difference and
vibration. The inner and outer pressure difference of
feeding passage is a prerequisite for burst feeding. It was
unable to open the obstruction if the filling pressure was
extremely weak, even though the grains of obstruction
could rearrange under vibration.

The rearrangement of grains of obstruction is a
possible way to form the burst feeding under the effect of
mechanical vibration. There are many other effects of
vibration to promote the forming of burst feeding.

(1) Vibration can reduce the apparent viscosity and
flow resistance of melt. The semi-solid slurry of Al-Cu
alloy is a pseudoplastic fluid [17] and its apparent
viscosity decreases with the increasing of shear rate [18].
Vibration causes the relative motion among the grains,
and increases the shear rate between the parts of melt,
which is beneficial to reducing the apparent viscosity of
melt.

(2) Vibration increases the flow of molten metal and
promotes refinement. Although the structure of ZL205A
alloy during solidification is composed of equiaxed
crystals, the strong forced convection will promote the
formation of “crystal rain” [19], and increase the
nucleation rate.

(3) Vibration can weaken or even break the
connection among grains of slurry, reducing the
flocculation among them. It could reduce the head loss
during slurry transport. However, it requires appropriate
vibration parameters, since vibration has not only the
role of fragmentation, but also the action on
coagulation [20].
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Fig. 9 Formation of layered cavity: (a) Feeding passage obstructed; (b) Forming a shrinkage cavity; (c) Forming burst feeding;
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4 Conclusions

1) The obstruction of ZL205A alloy during
solidification in low-pressure die casting is unstable. It
could be destroyed by mechanical vibration and a burst
feeding would form to achieve castings with less
shrinkage and higher density.

2) The burst feeding appears repeatedly during
solidification and leaves a shrinkage cavity with layered
structure under mechanical vibration. The layered
structure of shrinkage cavity can be regarded as the
proofs of the existence of burst feeding. The difference
of layers in number and size indicates the contingency of
burst feeding.

3) In the low-pressure die casting with mechanical
vibration, the vibration is an inducement of burst feeding,
and the inner and outer pressure difference along the
feeding passage is a prerequisite for burst feeding.
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