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Abstract: In the present study, a processing technique for recycling investment casting ceramic shell waste was
proposed to separate valuable refractory aggregate zircon sand. The microstructure and phase constituents of the
shell waste and separation process were investigated. The results show that the characteristics of microstructure and
phase constituents of the shell waste can meet the conditions for preferentially separating zircon sand, and zircon
sand can be separated by gravity separation on a shaking table. The separated zircon sand has good shape and
high purity, and can be used for the production of castings and other applications.
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A:-a near-net shape forming process, investment casting
inds more and more applications because of the
increasing focus on the quality of new products "; therefore,
the amount of shell waste produced is huge. As with the
conventional casting process, the investment casting
process will produce pollution and waste of resource
materials if they are not properly disposed. A lot of
attention has been paid to recycling the used sand in
conventional casting, and some effective processes have
been developed and applied, which, however, are not
suitable for recycling investment casting shell waste.
Compared with conventional casting, the shell waste has
higher strength after shakeout because it experiences
a more complex process during shell-making. To date,
the complexity of recycling the waste inhibits the
development of investment casting *”. Thus, developing
new approaches of recycling the investment casting
ceramic shell waste is of great significance.

Extensive investigations on recycling the used shell
from investment casting have been conducted by Zhao,
et al ™", The recycled materials were reused as the back
sand for making new shells in investment casting, or
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as refractory aggregates for preparing coatings in the
production of iron castings. However, investigations
revealed that most factories were reluctant to recycle
the shell waste due to the complex recycling process, as
well as the instable product quality, and consequently,
the companies still disposed the used shell as waste.
Because of China's shortage of resources, enhancing
the enterprises’ enthusiasm to reusing waste shell and
developing new recycling processing techniques are
inevitable and necessary.

The consumption of zircon sand for steel castings
in China is enormous, and its supply mainly relies on
imports because of resources exhaustion of it in China.
Its price fluctuates greatly, even up to 22,000 CNY/
ton in recent years. Researchers at HUST suggested a
new processing technique for recycling ceramic shell
waste: the valuable refractory materials (such as zircon
sand) are firstly separated from the waste, followed by
comprehensively utilizing the remainders. By doing
this, the total cost of recycling the waste may be reduced
greatly because it can avoid costly zircon sand being
simply discarded or used as ordinary materials. Not only
can the recycled zircon sand be used as surface sand
material, but also be processed into powder, serving as
other products. Therefore, the feasibility of separating
zircon sand from ceramic shell waste was studied in this
work.
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1 Experimental procedures

1.1 Materials

Investigations on several precision casting factories in Hubei
revealed that the shell layers used in investment casting among
enterprises were different, depending on their product categories.
Generally, the content of zircon sand in ceramic shell ranges
about 8%-25%. The material used in this research came from a
precision casting company in Hubei province. This company is
mainly engaged in the production of carbon steel castings, with
an annual output of 400 tons. The shell waste was stored in an
open environment, and disposed as garbage.

1.2 Experimental design

The microstructure of the shell waste was observed before
separation experiments. Representative shell waste was selected
from the shell waste heap and samples were cut with a saw
blade for microstructure observation using optical microscopy
and scanning electron microscopy (SEM). Also, some zircon
sand was taken from the first sanded layer for phase constituent
analysis. The phase constituent analysis was carried out on
X-ray diffraction (XRD) apparatus.

Gravity separation method was used to separate zircon sand
from the used shell. According to the analysis on the source of
raw materials of the shell, zircon sand in the shell had a size
range of 80—120 mesh. Considering the separation capacity
of the shaking table, the particles supplied to the shaking table
were determined in size range of 80—250 mesh. In order to
determine the crushing process, different means were adopted to
break the shell waste according to the particle size distribution.
The flow chart of the separation process used in the present
research is shown in Fig. 1. After manual sorting, the shell waste
was fed into the crusher for crushing, and followed by drying
and screening. Then zircon sand with size below 80 mesh was
put on the shaking table for gravity separation. Manual sorting
was designed to filter the complex shell waste and to make
it relatively clean. Drying was used to adjust the moisture of
the shell, to ensure that subsequent screening procedure can
be carried out smoothly. The 6-s shaker was used for gravity
separation. The parameters of the shaking table were adjusted
to a clear borderline between the zircon sand and other abrasive
particles on the shaking table which can be observed with the
naked eyes. Separation times were determined according to
the purity and recovery requirements. Two levels of magnetic
separation were arranged during the gravity separation process
to remove the iron impurities as much as possible. Finally, the
contents of zircon and iron of the recovered zircon sand by
gravity separation were evaluated.

2 Results and discussion

2.1 Microstructure and phase constituents of
shell waste

Figure 2 shows the macrostructure of the used shell. It can be
seen that the used shell still has an obvious layered structure.
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Fig. 1: Flow chart for separation process

In the figure, the iron and iron oxide layer is marked as A,
the first sanded layer of zircon sand is marked as B, and the
second sanded layer of zircon sand is marked as C. The layer
between A-B and B-C is refractory coatings. It can be seen that
the sanded layer of zircon sand is not eroded by the hot metal,
and zircon sand retains its original state. Figure 3 shows the
microstructure of the used shell. In the figure, D is zircon sand
in the sanded layer (80—120 mesh), and E is zircon sand in the
coating layer (~325 mesh). There are a lot of pores and cracks
between sand particles and between the sand particles and the
coating in the shell waste, and zircon sand grains are not entirely
surrounded by coating due to contraction of the coating layer.
XRD patterns of the first sanding layer of zircon sand is shown
in Fig. 4. It can be seen from Fig. 4 that only ZrSiO, phase is
detected. It implies that the chemical reaction did not happen in
the zircon sand after firing and pouring.

The surface layer was not penetrated by the iron melt due to
two factors. First, the zircon sand has high refractory qualities,
and second, the thermal shock in the casting process reduces
rapidly because of the large temperature gradient in the thin
shell ", In this case, the zircon sand in the sanded layer keeps
its original state. This is very favorable for recycling. As long
as a reasonable separation process was adopted, the separated
zircon sand in the sanded layer could be maximized. At the
same time, thermal shock leads to the crack in the shell because
different materials have different shrinking rates. Therefore, the
zircon sand particles in the sanded layer are not surrounded by
the coating wholly. All these factors are beneficial for separating
the zircon sand particles from other substances. Based on the
abovementioned reasons, the zircon sand in the two sanded
layers could maintain its original phase.
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Fig. 2: Sectional drawing of shell waste (by portable digital
microscope)

Fig. 3: Sectional drawing of shell waste (by SEM)
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Fig. 4: XRD patterns of zircon sand in the first sanded layer

2.2 Results of gravity separation
2.2.1 Crushing and sieving

In the present research, a crushing process was used. The
procedure is as follows: (1) breaking by a composite crusher, (2)
milling by a ball mill for 3 h, (3) screening by 80 mesh and 250
mesh sifters. The result showed that 94% of the separated zircon
sand particles could pass the 80 mesh sifter, and 68% could pass
the 250 mesh sifter.

Because only the particles within 80—250 mesh can be fed
to the shaking table for gravity separation, the proportions
abovementioned are obviously low. This means that the sand
particles have high fragility and the shell waste can be easily
broken. Therefore, excessive crushing should be avoided when
designing the crushing process. Roller crusher or rod mill is
the preferred process, and a wet grinding method can also be
considered.

2.2.2 Partition on shaking table

The final parameters for the shaking table were determined
after repeated tests: inclination of 0.5 °, water consumption of
15 L-min”, stroke distance of 8 mm, stroke per minute of 50
beats. As seen in Fig. 5, the shaking table area can be divided
into three regions. In region A, the uniform and transparent and
round sand grains are clean, and it can be judged as zircon sand.
In the region B, there are some black impurities, and large-
grained zircon sand, and mullite can be observed. In the region C,
the sand is white and block-like, so it can be judged as mullite.
After a secondary separation of the particles in region B, the
zircon sand could be successfully separated.

Fig. 5: Partition of separated particles in shaking table surface

Gravity separation is the process of separating different
substances according to their different densities. The sand
particles become loose and layered within the bed trench due
to water flow and vibration. The layered sands are subjected to
different water flow pressures and friction along the direction
of motion. Because the upper hydraulic drive of light sand is
greater than the bottom, most of the sand in this region is prone
to move downward along the surface. At the bottom of the table,
sand particles are directly driven by differential movement of
the table and moved to the opposite drive end. The different
densities and granularities of the sand grains lead to different
motion directions, so sand particles from the sand tanks fan
out along the diagonal lines. Therefore, the product discharges
along the edge of the bed and in different regions. The required
particles are finally extracted.

According to the theory of mineral processing, density ratio
between different particles is the main criterion for a shaking
table "', Density is the main factor influencing the difficult
level of gravity separation which is often estimated by the value of
coefficient e. The coefficient e can be defined by the formula (1):
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where:

0,—the density of light mineral

6,—the density of heavy mineral

A—the density of medium

In this study, zircon sand belongs to the heavy mineral and
its density is about 3.8 gecm”, while the mullite sand belongs
to the light mineral and its density is about 2.5 g-cm”. Water is
the medium and its density is 1.0 g-cm®. Therefore, based on
formula (1), the value of e is 1.87. According to Table 1, this
value falls in the easy type for gravity separation. This is in
conformity with the experiment result.

Table 1: Difficult level of gravity separation and relative
lower limit of size

Difficult level _
) Lower limit of
Value of e of gravity : :
o particle size (mm)
separation
>5 Very easy 0.010-0.0005
5-2.5 More easy 0.019
2.5-1.75 Easy 0.075-0.038
1.75-1.5 Difficult 0.5
15-1.25 More difficult ~ More than a few
millimeters
<1.25 Impossible

It should be noted that, although density ratio is the main
criterion considered in gravity separation process, many other
factors such as the size and grain shape of the particles should
not be neglected. In some cases, mica with flake shape directly
determines the result of gravity separation. As with the same
density, larger particles are prone to be promoted in the upper
groove. This is the reason why the particles are coarser in region
B than that in region A (Fig. 6). For region B, the difference
in particle size is not significant. Zircon and mullite can be
distinguished further using a shaking table.

2.2.3 Test of separated sand

The contents of Zr(ZrSiO,) and Fe,O; in the sand in regions A
and B were tested respectively after drying. The results show
that Zr(ZrSiO,) content was over 95wt.%, and Fe,O; content
was below 0.3wt.%. For region B, after further separation,
Zr(ZrSiO,) content was more than 90wt.%, but iron content
increased slightly. In addition, some sands were covered with
a dark layer, and it can be selected by magnetic separation or
cleaned by acid leaching

From the above morphology observation of the separated
zircon sand, zircon can be restored to its original status, so the
purity of the separated zircon sand can be relatively high. Zircon
sands with different grades could be obtained by adjusting the
area to gather zircon sand and the times of the separation process.
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Fig. 6: Characteristic of sand in different partitions

3 Conclusions

(1) The sanded layer of zircon sand is not eroded by the hot
metal. Zircon sand in the layer is not surrounded wholly by
coating. Chemical reaction does not seem to happen in the layer
after firing and pouring, and the zircon sand retains its original
state. Meanwhile, the shell waste can be easily broken. All
these can be regarded as favorable conditions for preferentially
separating valuable refractory materials..

(2) According to the gravity separation process described
above, zircon sand can be separated successfully from the
shell waste, and a clear borderline between the zircon sand and
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other particles on the shaking table can be easily identified.
The process can be optimized further according to purity and
recovery requirements.

(3) For the separated zircon sand, the shape is good, and
Zr(ZrSiO,) content can be over 95wt.%. It can be used in the
production of castings, and also in many other applications.

(4) Zircon sands with different grades could be obtained by
adjusting the area gathering the zircon sand and the times of the
separation process.
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