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Abstract: Sand mold 3D printing technology is an advanced manufacturing technology which has great flexible
manufacturing ability. A multi-material composite sand mold can control the temperature field of metallic parts
during the pouring process, while the current sand mold 3D printing technology can only fabricate a single material
sand mold. The casting temperature field can not be adjusted by using single sand mold material with isotropous
heat exchange ability during the pouring process. In this work, a kind of novel coating device was designed.
Multi-material composite sand molds could be manufactured using the coating device according to the casting
process demands of the final parts. The influences of curing agent content, coating velocity and scraper shape
on compactness and surface roughness of the sand layer (silica sand and zircon sand) were studied. The shapes
and sizes of transition intervals of two kinds of sand granules were also tested. The results show that, with the
increase of the added volume of curing agent, the compactness of sand layer reduces and the surface roughness
value rises. With the increase of the velocity of the coating device, the compactness of sand layer reduces and the
surface roughness value rises similarly. In addition, the scraper with a dip angle of 72 degrees could increase the
compactness value of the sand layer. The criteria of quality parmeters of the coating procedure are obtained. That
is, the surface roughness (9) of sand layer should be equal to or lesser than half of main size of the sand particles (D,
). The parameter H of the coating device which is the distance between the base of hopper and the surface of sand
layer impacts the size of transition zone. The width of the transition zone is in direct proportion to the parameter
H, qualitatively. Through the optimization of the coating device, high quality of multi-material sand layers can be
obtained. This will provide a solution in manufacturing the multi-material composite sand mold.
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based on the principle of selective laser sintering, the
other is based on the principle of micro-droplet . The

ith the development of additive manufacturing,
more and more attention is paid to the flexible

manufacturing ability of 3D printing technology. The 3D
printing technology is based on the principle of layered
manufacturing. Firstly, the CAD file of the final part is
converted to the STereo Lithography (STL) file, and then
the STL file is converted to the Common Layer Interface
(CLI) file which contains the geometric information of
each layer. Finally, the part is built layer by layer until
it is completed. Sand mold 3D printing technology is
one kind of indirect metallic additive manufacturing
technology. The CAD model of the casting mold
needs to be firstly reversed out by the CAD model of
the metal part . Currently, sand mold 3D printing
technology is mainly divided into two types: one is
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former normally uses a laser to melt the film coating
on the surface of sand particles, however the latter
normally uses a droplet nozzle to spray the adhesives to
the surface of sand particles which are premixed with
a curing agent, and the particles are bonded together
when the adhesives react with the curing agent ™. The
adhesives used in sand mold 3D printing mainly include
furan resin, phenolic resin and inorganic adhesives
based on silicate and phosphate *.

The two types of sand mold 3D printing technologies
mentioned above are both based on the powder bed
to fabricate the casting mold. The forming process
includes many fabricating procedures, such as storage,
supply, coating, and recovery of sand particles. The
quality of the coating procedure has a great influence
on the performance of the sand mold. The compactness
and surface roughness of the sand layer are two key
parameters to measure the quality of the coating
procedure ¥ ', The strength of the sand mold is affected
by the added volume of adhesives and the compactness
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of the sand layer. Previous studies """ have shown that the greater
the compactness value, the greater the strength value of the sand
mold. Therefore, the stable operation of the coating device has a
great influence on the continuity and reliability of the sand mold
manufacturing process. Currently, there exist three types of
coating device: roller style, scraper style and travelling hopper
style ", The coating process and apparatus used in polymeric
and metallic additive manufacturing have been studied by many

551 however little work has been done concerning

scholars !
sand mold 3D printing. The concept of a multi-material
composite sand mold was proposed in the research of patternless
casting based on the principle of sand mold milling. That is,
many divided sand molds with different kinds of foundry sand
have been assembled together to form an integrated sand mold
according to the differences of temperature and stress fields
during the processes of the filling and solidification process of
molten metal ", Multi-material composite sand mold can control
the temperature field of the metallic parts during the pouring
process according to the plan of casting. Currently, sand mold 3D
printing technologies only fabricate a single material sand mold.
The casting temperature field could not be adjusted by using single
sand mold material with isotropous heat exchange ability during
the pouring process. The flexible manufacturing ability of sand
mold 3D printing technology has been therefore limited.
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In order to solve the current problems in sand mold 3D
printing technology, a novel coating device was designed in
this work. Two or three kinds of sand particles could be coated
in one layer. This provides an approach to achieve fabricating
a multi-material composite sand mold. The influences of
curing agent content, coating velocity, and scraper shape on
compactness and surface roughness were quantitatively studied
through coating procedure testing. A coating procedure of multi-
material sand layer was also researched.

1 Test materials and research method

1.1 Test materials and methods

The silica sand and zircon sand used in the test were both
foundry sands available on the market. The sifting method
was used to measure the granule sizes of silica sand and zircon
sand. The size of the sand granules used in sand mold 3D
printing is usually approx. 100 mesh screening. The particle
size distributions of silica sand and zircon sand are shown in
Fig.1. An optical microscope (OLYMPUS BX51M) was used
to observe the granule shape of the sample, as shown in Fig.
2. From Figs. 1 and 2, it can be seen that the particle sizes of
zircon sand are smaller than that of the silica sand, and both of
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Fig. 1: Particle size distributions of silica sand (a) and zircon sand (b)

them have a similar granule shape.

During the process of sand mold printing, the sand particles
needed to be premixed with a curing agent. The curing agent
used in this test was the mixture of p-toluenesulfonic acid and
sulfuric acid. It is well known that as the added volume of
curing agent increases, the flowability of sand particles and
the quality of the coating procedure reduces significantly .
Test samples with different ratios of curing agent were prepared
according to Table 1, where S is a ratio of curing agent weight to
sand particle weight, that is the added volume of curing agent.

1.2 Design of self-adaption coating device

The self-adaption coating device employed a kind of
combinational design of scraper style and travelling hopper

style. In order to achieve multi-material sand layer coating, the
coating device has many channels with an independent open-
close function, as shown in Fig. 3. The removable plate, driven
by the air cylinder, was used to open or close the channel. The
self-adaption coating device could use different kinds of sand
particles on the same layer under the control of the computer.
During the coating procedure of the multi-material sand layer,
two of the same self-adaption coating devices were used.
One was filled with silica sand particles, the other was filled
with zircon sand particles. The multi-material sand layer was
obtained by opening or closing the same channel in the two
coating devices in complementarity at the same time and the
same place.

During the coating procedure, the connection interval
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Fig. 2: Microscope figures of granule shape: (a) silica sand, (b) zircon sand

Table 1: Test sample and added volume of curing agent

Test sample The added volume of curing agent, S (%)
Silica sand 0 0.3 0.5 0.7 0.9
Zircon sand 0 0.1 0.2 0.3 0.4

S,

Removable plate

:I/ Scraper
l / Outlet
Z

i}

Fig. 3: Self-adaption coating device

between silica sand and zircon sand had two connection styles:
one is the connection interval for one sand band which refers to
the opening style of coating device, the other is the connection
interval between the two sand bands which refers to the channel
size of coating device and flowability of sand particles.

1.3 Quality measurement of coating procedure

The digital sand mold 3D printing machine developed by
China Academy of Machinery Science & Technology was
used to study the coating procedure. The quality of the coating
procedure mainly depends on compactness D and surface
roughness J of sand layer. D is the ratio of packing density

to real density of sand particles, as shown in the following

500

equation: £,

5 (1)
where, p, (kg'm”), p (kg:m”) denote the packing density and
real density of sand particles, respectively.

The light-section method was used to study the surface
roughness ¢ of coated sand layer. The schematic of the test is

D

shown in Fig. 4 "1 where 6 = 90°. The universal program
software LABVIEW was used to manipulate test figures to
extract the geometric edge feature points of sand layer. The
profile arithmetic average error Ra was used to characterize
the surface roughness of sand layer. In the test, the surface
roughness o of the sand layer is the average of three Ra values
which are measured from different locations in the same sand

layer.
Optical source s ]
®- Sample surface

Fig. 4: Schematic of light-section method to measure
surface roughness of sand layer

2 Coating procedure and quality of
sand layer

2.1 Sand layer compactness

2.1.1 Influence of added volume of curing agent on
sand layer compactness
The flowability of sand particles is influenced by the added
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volume of curing agent. Many studies “*~* showed that with

the increase of the moisture content of particles, the cohesions
among particles increase, causing the flowability reduction
of sand particles. Poor flowability of sand particles leads to
low compactness of the sand layer during the coating process.
Results on the influences of the content of curing agent on the
compactness of silica and zircon sand layer are shown in Fig.
5. Figure 5(a) shows the influence of curing agent content on
compactness of the silica sand layer, and Figure 5(b) shows the
influence of curing agent content on compactness of the zircon

sand layer. It can be found from Fig. 5(a) with Fig. 5(b), that,
with the increase of content of curing agent, the compactness
of the sand layer reduces seriously. This change rule has good
consistency under different coating velocities. The compactness
of the zircon sand layer is better than that of the silica sand layer.
This results from two kinds of different particle sizes as well as
their distributions. The average particles size of zircon sand is
smaller than the silica sand, while the compactness of particles
is inversely proportional to the particles size in the condition of
the same filling volume.
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Fig. 5: Influences of added volume of curing agent on compactness of silica sand layer (a) and zircon sand layer (b)

2.1.2 Influence of coating velocity on sand layer
compactness
Coating velocity is the key parameter for manufacturing
efficiency. Figures 6 (a) and (b) show the test results of
influence of coating velocity on compactness of silica sand
and zircon sand layers, respectively. The results show that the
compactness of zircon sand layer is much more sensitive to the
coating velocity than that of silica sand layer. With the increase
of coating velocity, the compactness of sand layer gradually
reduces. For the test sample with high content of curing agent,

such as S;,,=0.5% and S,;.,,=0.3%, the influence of coating
velocity on the sand layer compactness is slighter than the test
sample with low content of curing agent, such as S;,,<<0.5%
and S,,.,,<<0.3% . This indirectly shows that the added volume
of curing agent in sand particles has greater influence on the
compactness of sand layer than the coating velocity. During
the coating procedure, sand particles are in a state of bonding
or friction. The curing agent increases the cohesion among
particles. Meanwhile, the surface state of the particles changes
from dry to wet, which makes the friction forces smaller
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Fig. 6: Influences of coating velocity on compactness of silica sand layer (a) and zircon sand layer (b)
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between particles >, Because of the great cohesion among
particles, many small particles aggregate to form a large particle,
which causes the lower compactness of the sand layer.

Silica sand have larger particle sizes and higher contents
of curing agent, corresponding to higher cohesions and lesser
frictions among particles. So, the compactness of the sand layer
is insensitive to the change of coating velocity "****1. On the
contrary, the zircon sand have smaller particle sizes and lower
contents of curing agent, corresponding to lesser cohesions and
higher frictions among particles. The compactness of the sand
layer is sensitive to the change of coating velocity.
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2.1.3 Influence of scraper shape on compactness of
sand layer
During the coating procedure, the scraper of the coating device
will contact with sand particles, and exert different forces on
the sand particles with different contact angles. Therefore, the
influences of the scraper with 0° and 72° dip angles on the
compactness of the sand layer were studied. Coating velocity
was set as 50 mm's™. The results are shown in Fig. 7. It can
be seen that the scraper with 72° dip angle is beneficial for
improving the compactness of the sand layer, and the greater
the content of curing agent in the sand particles, the more
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Fig. 7: Influence of scraper shape on compactness of silica sand layer (a) and zircon sand layer (b)

obvious the effect of the scraper with dip angle is to improve the
compactness of sand layer. Actually, the coating procedure is a
shear motion of sand particles under the function of scraper. The
scraper with a 72° dip angle will exert vertical pressure on the
sand layer during the coating procedure.

2.2 Surface roughness of sand layer

2.2.1 Influence of added volume of curing agent on
surface roughness of sand layer

The surface roughness of the sand layer is a key parameter
to characterize the smoothness of the sand layer ", Figure 8
shows the influences of added volume of curing agent on the
surface roughness of the sand layer with a coating velocity of
50 mm-s". The surface roughness changed with added volume
of curing agent. The surface roughness value of the silica
sand layer is greater than that of the zircon sand layer, and the
surface roughness of the sand layer is in proportion to the added
volume of curing agent. The main reason is that the particle
size of silica sand is larger than that of the zircon sand particles.

The main size of silica sand particles, D concentrated on

m,silicas
~240 pm, while the main size of zircon sand particles, D, icons
concentrated on ~170 pum (see Fig. 1). Through curve fitting, the
relationship between the surface roughness ¢ and the content of
curing agent S was obtained (Table 2). Figure 9 shows the test
results of the influences of curing agent content on the surface

roughness, with a coating velocity of 50 mm-s™. It shows that
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Fig. 8: Influence of added volume of curing agent on
surface roughness of sand layer

when the added volumes of curing agent in silica sand and
zircon sand, i. e. Sy, and S, were both equal to 0%, the
surface roughness d of two kinds of sand layers was 53.9 um
and 43.3 um, respectively, which are close to 60 um and 42.5
um which are the D, /4 of silica sand particles and zircon sand
particles, respectively. This implies that the smoothness of the
sand layer is good. But when Sj;,,=0.5% and S;,..,=0.3%, the
surface roughness J for silica sand particles and zircon sand
particles is greater than 120 um and 85 pm, respectively, which
are the D, /2 of silica sand particles and zircon sand particles. A
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wave phenomenon occurs in the surface of sand layer, and affects
the smoothness of the sand layer. In Fig. 6, when S;,.,=0.5%
and S,;,.,,=0.3%, the compactness of silica sand layer is
D,<<0.4, and the compactness of zircon sand layer is D,<0.5.

Table 2: Relationship between surface roughness ¢
and content of curing agent, .S

Function (6 =a+bx S+cx S*+dx §°)

Test sample

Silica sand 53.75 222.36 3.12 -66.74
Zircon sand 43.19 224.04 -217.46 -
§=153.9, s—o% -11".-'6 3—0.3% 6 =161.5,5=10.5%

‘

d=1851,5=0.7% 6=208.9,5 =0.9%

(@)

L

2.2.2 Influence of coating velocity on surface
roughness of sand layer

When the added volume of curing agent is equal to 0%, the
influence of coating velocity on the surface roughness of sand
layer is shown in Fig. 10. Results show that the coating velocity
has greater influence on the surface roughness of silica sand
layer than on that of the zircon sand layer. Through curve
fitting, the relationship between surface roughness ¢ and coating
velocity V'is obtained, as shown in Table 3. Figure 11 shows the
test results of the influences of coating velocity on the surface
roughness of the sand layer, when the added volume of curing
agent is equal to 0%. With the increase of coating velocity

ranging from 20 to 150 mm-s”, the surface roughness changes

d=43.3, s‘_ﬂ% 6= ﬁl,s==01"/n

d=911,5=03%

(b)

6 79.3,5=02%
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Fig. 9: Surface roughness of sand layers with different curing agent contents measured by light-section method:

(a) silica sand layer, (b) zircon sand layer
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Fig. 10: Influence of coating velocity on surface
roughness of sand layer

Table 3: Relationship between surface roughness o
and coating velocity V

Function (6=a+b x V+cx V+d x \f)

Test sample

Silica sand 56.16 -0.48 0.011  -4.53E-05

Zircon sand 34.35 0.22 -6.62E-04 =

el
[

=511, V=20 mms' §=153.9, V=50 mm-s' J=468.8, V=380 mm-s’
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Fig. 11: Surface roughness of sand layers with different
coating velocities measured by light-section method:
(a) silica sand layer, (b) zircon sand layer

503




('"\IN\ A I;ﬂ le!‘ Research & Development

Vol.14 No.6 November 2017

from D, /4 to D, /2. When the surface roughness ¢ is less than
D, /2, the better smoothness of the sand layer can be obtained.

2.3 Coating procedure research for multi-
material sand layer

The adaptive coating procedure of multi-material sand particles
is the key to accomplish the manufacture of a composite sand
mold. The coating procedure of simultaneous coating silica
sand and zircon sand particles was studied using the above
mentioned self-adapting coating device. In this research, it was
key to control the size of the transition zone between the two
kinds of sand. The self-adapting coating device consists of four
independent sand outlets with a size of 150 mm. The silica sand
test sample with 0.3% curing agent was added to a single sand
hole to form a sand band. The width of the sand band was 177
mm, while the band width of the zircon sand test sample with
0.2% curing agent was 180 mm.

The coating of multi-material composite sand layer is divided
into two parts: the connection of different materials in different
sand bands and the connection of different materials in the
same sand band. The adaptive coating procedure for the multi-
material sand layer is made up of two self-adapting coating
devices with the same structure and different sand particles.
The outlets of two coating devices are complementary to open
or close at the same time to complete the coating of the multi-
material composite sand layer. Figure 12 shows the test results.
Figure 12 (a) is the ideal composite sand layer, and Figure 12 (b)
is the real composite sand layer.

In Fig. 12, A represents the silica sand particles, B represents
the zircon sand particles. Experimental measurements show that
the bandwidths of silica sand particles and zircon sand particles
are both between 130—140 mm. The transition zone between

AN
s F A

(b)
Fig.12: Connection interval of multi-material sand layer

between different sand bands: (a) ideal composite
sand layer, (b) real composite sand layer

504

silica sand particles and zircon sand particles appears at the
junction of silica sand particles and zircon sand particles. The
size of the transition zone is affected by the flowability of sand
particles and the distance H between the bottom of the coating
hopper and the surface of the sand layer (Fig. 3). When the
removable plate is opened, sand particles are scattered down
from the outlet of the coating device. The edge shape and size of
sand band are determined by the flowability and amount of sand
particles. The width of the transition zone is in direct proportion
to the flowability of sand particles and the parameter H.

The transition zone is connected by different sands in the
same band, and needs two self-adapting coating devices to
open and close the same outlet at the same place to complete
the coating of multi-material composite sand layers. The test
result is shown in Fig. 13. It shows that after the coating of silica
sand particles, a semicircle edge shape will be formed. In this
condition, if the zircon sand particles continue coating in the
place where the silica sand particles are stopped from coating,
a semicircle transition zone will be created. The test shows that
the size of the transition zone is affected by the amount of sand
deposited after the outlet of the coating device is closed. The
more the waste sand particles, the greater the transition zone
size. The amount of waste sand particles is affected by the
opening and closing style of the coating device. In this work, the
opening and closing style of the coating device employs a type
of gate valve. An interval of deposited sand particles is formed
after closing the removable plate. These deposited sand particles
forms the semicircular transition zone during the coating
process. A smaller transition zone can be realized by optimizing
the opening and closing style of the coating device, thereby
improving the accuracy of the connection of different sands in
the same band.

(a) (b)

Fig. 13: Connection interval of multi-material sand layer
in one sand band:(a) ideal composite sand
layer, (b) real composite sand layer



Research & Development IRy

Vol.14 No.6 November 2017

3 Conclusions

The quality of the coated sand layer has a great influence on
the strength of the sand mold made by 3D printing technology.
Through the coating procedure test, the influence of the
content of curing agent, coating velocity and scraper shape on
compactness and surface roughness of the sand layer have been
deeply studied. Based on the research of the single sand particle
coating procedure, the multi-material sand particle self-adaptive
coating procedure has also been researched. Results show as
follows:

(1) The curing agent content and coating velocity are in
inverse proportion to the compactness of sand layer. In addition,
the dip angle scraper can increase the compactness of sand layer
to some extent.

(2) The criteria of surface roughness of the sand layer are
obtained in the test, which is § <D, /2. Correspondingly,
the curing agent content should satisfy the condition:
Sei11ca<0.5% and S,;,.0n<0.3%, and for the silica sand
layer, 6=53.75+222.365+3.125°-66.74S° and 6=56.16—
0.487+0.0117*-4.53x107°1; for the zircon sand layer,
0=43.19+224.045-217.26S" and 6=34.35+0.22V-6.22x10"7".
According to the criteria of surface roughness of sand layer, the
criteria of compactness of sand layer for silica and zircon sand
are D,>>0.4 and D, >0.5, respectively.

(3) There are two kinds of sand particles mixed in the
transition zone, the semicircle edge shape will be formed after
the coating of silica sand particles, and the sizes of transition
zone are determined by the design parameter H and the opening
style of the coating device. The size of the transition zone can
be reduced by optimizing the opening and closing style of the
coating device, and high quality multi-material sand layers
could be obtained.
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