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1 Introduction
Although many procedures are involved in casting 
production, the most important thing is the casting 
forming process in the molds. To control the cooling of 
castings in molds, the mold structure can be modified and 
molding materials can be properly selected. Chromite 
sand or zircon sand are usually used instead of silicon 
sand for the layer in contact with liquid metal for the 
making of large castings. Molds made of graphite and 
metals are also used in the casting industry, especially for 
dies which have long been used in the permanent mold 
casting and die casting, in which water cooling and oil 
heating channels are usually arranged [1,2]. In sand molds, 
pipes can be buried to circulate air or water or even liquid 
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Cooling control for castings by adopting skeletal 
sand mold design

nitrogen to enforce the cooling of certain areas of a 
casting [3]. Similarly, in the making of plastic products, 
traditional cooling channels in metal molds are replaced 
by conformal cooling channels which are parallel to 
the cavity surface to improve the cooling efficiency. 
This kind of mold can be fabricated by additive 
manufacturing methods [4]. An ablation casting was 
invented to use water to erode away the sand mold step 
by step to realize the rapid solidification of a casting [5].
However, these methods face some drawbacks and have 
not yet extended to wide applications in sand casting. 
The 3D printing technologies have been gradually 
adopted in sand mold and core preparation. Among 
these technologies, the selective laser sintering (SLS) 
and 3D binder jetting printing (3DP) methods are 
becoming very attractive. These studies mainly focus 
on sand and binder materials, binder content, and mold 
properties, such as strength, permeability, gas release, 
and their influence on casting quality [6-13]. Combination 
of cores into a single one is also the benefit brought 
by 3D printing, with reduced stacking tolerances and 
improved dimensional accuracy [14,15]. The rigging 
system was redesigned based on the freedom of additive 
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Fig. 1: Illustrative diagram of the skeletal sand mold

manufacturing sand mold. For example, a kind of conical-helix 
sprue was invented [16]. However, the basic structure of molds 
and cores is untouched because the fabrication cost by 3D 
printing is usually unacceptable. Cost is the main obstacle for 
the application of 3D printing in the casting industry.

Compared to the traditional manufacturing and forming 
methods, 3D printing makes possible the fabrication of more 
complicated structures. Many studies are managing to optimize 
the traditional part design by using shell, lattice, foam, or truss 
structures [17-19]. Shangguan et al. [20-23] presented an additive 
manufacturing-driven mold design for castings: a hollow mold 
structure. This structure significantly improves the casting’s 
cooling rate and greatly reduces the weight of the sand mold. It 
also provides the potential to further control the whole cooling 
process because of its feature of hollowness. Wang et al. [24] 
proposed a multi-shell mold structure, and adopted it with water-
immersion cooling to enhance the heat insulation in the top 
and the cooling in the lower part so as to ensure the directional 
solidification of a casting. 

In this study, a comprehensive closed-loop cooling control 
of castings by adopting the skeletal sand mold design was 
proposed. It was applied to a round wall test casting. Forced 
cooling was adopted to improve its cooling rate, microstructure 
and mechanical properties.

2  Comprehensive closed-loop cooling 
control based on skeletal mold 
structure

2.1 Skeletal sand mold structure
The freeform construction method in additive manufacturing 
provides freedom for the sand mold design. The skeletal sand 
mold structure is a hollow structure, including a shell, functional 
cavities and a lattice support, as shown in Fig. 1. The shell is for 
the containing of the liquid metal to form a casting. The functional 
cavities depend on the actual requirement of the adjustment of 
the cooling of the casting, such as cooling channels or insulation 
cavity. The lattice is to hold the hollow structure on the ground 
or for clamping during casting process. Therefore, this structure 
is self supporting, with no need of sand burying or holding by 
fixtures as in traditional shell molds. Cores are also hollow. 
As this kind of structure is additively manufactured, the mold 
and core are fabricated into a single piece, with no need of 

consideration of their assembly.

2.2 Design and creation of skeletal sand mold 
In CAD software, the shelling operation is widely used for 
additive manufacturing, but it can not create the functional 
cavities or the support structure. For complex structures like 
foam, lattice, and truss structure, although their basic elements 
seem simple, the boolean operations of these basic elements, 
such as union, difference, intersection, are usually intolerable, 
requiring a great amount of computer hard drive and memory 
space. Chen [25] proposed a mesh-based geometric modeling 
method for cellular structures which used the boolean operations 
(especially intersections which need a substantial number of 
calculations) of the surface triangles from the STL file format. 
This is only useful for structures made of regular struts with 
round or square sections. Here, a unique method based on finite 
difference meshes is proposed for the design and creation of 
this kind of skeletal structure. The flowchart and illustration are 
shown in Figs. 2 and 3.

Fig. 2: Design flowchart for skeletal sand mold

Firstly, the STL file of a casting and its surrounding volume 
was meshed into regular cubes as the requirement for finite 
difference analysis. The surrounding volume serves as a 
solid mold for the foundation to make a hollow structure. To 
produce a thickness varying sand shell, numerical simulation 
of the heat transfer for the casting with atmosphere is 
performed based on the finite difference method. This heat 
transfer is governed by the Fourier equation:

(1)

where ρ, c, k, L are the density, specific heat, thermal 
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Fig. 3: 2D illustration of design of skeletal sand mold: (a) casting; (b) finite difference meshes; (c) creation of hollow mold; 
(d) generation of surfaces of hollow mold

conductivity, and latent heat of the casting, respectively, T is 
temperature, t is time, fs is the solid fraction of the melt. 

The initial temperature of the casting is supposed to be 
the pouring temperature, and the casting emits heat to the 
environment by convection and radiation. The boundary 
condition is:

where h is the comprehensive heat transfer coefficient, 
including convection and radiation, T0 is the environment 
temperature. The aim of the virtual heat transfer is to 
obtain the surface temperature distribution of the casting to 
determine the shell thickness instead of to acquire the accurate 
solidification time of the casting in the sand mold. Thus, the 
numerical simulation can be performed for a period of time, 
such as a half of the usual solidification time in sand mold, 
so as to exhibit an uneven surface temperature distribution. 
That means the calculation is very fast. This temperature 
distribution reflects the geometrical feature of the casting, thus, 
it is mapped to the shell thickness as follows:

Q = h(T - T0) (2)

(3)

(4)
where d(i,j,k) is the shell thickness of (i, j, k) mesh, dmax, dmin 
are the maximum and minimum thickness of the sand shell, 
respectively, Tmax, Tmin are the highest and lowest temperatures 
of the casting surface, respectively.

The meshes inside the above calculated thickness range are 
changed into hollow mold type. Multi layers of shells can be 
generated by altering the feature of the original mold meshes 
into air based on the given thickness of each layer of shell, 
their gaps, and the spacings. Multi layers of shells can be used 
for the risers to enhance heat insulation. Functional cavities 
such as air or water cooling channels can be generated by 
designating their diameter and location. Lattice structure is 
produced the same way based on the rod size, and spacings in 
x, y, z directions. The surface meshes of the combination of 
the casting and hollow sand mold are identified, which avoids 
the inclusion of the interface between the casting and mold 
into surface meshes. Then, their exposed faces are meshed 
into triangles by splitting a rectangle into two triangles, as 

shown in Fig. 4. The casting cavity is created by subtracting 
the casting’s surface of STL format. Then, the final design of 
the hollow mold is obtained. Both the external surface and 
the casting cavity surface are totally separated, thus, their 
subtraction is no intersection operation of triangles. Therefore, 
this creation method is very fast. Although this method is 
based on the regular finite difference meshes of a casting, 
the internal cavity for the casting is still kept as the original 
design, meaning the geometry of the casting isn’t affected. 
This method is high efficient and automatic in replace of the 
manual and tedious operations in CAD software. The support 
structure can be a lattice or enforcing ribs on the shell surface. 
To avoid stress concentration at the abrupt section variations, 
the external surface of the hollow sand mold is smoothed. Two 
types of conjunctions are treated: one is the concave edges, 
the other is the concave corners, as shown in Fig. 5. These 
concave conjunctions of meshes can be filleted by modifying 
the coordinates of the corresponding vertices by Eqs. (4) and 
(5), respectively. The offset is less than the mesh size. The 
new coordinates are used in the surface discretization for the 
creation of the STL file.

Fig. 4: Splitting of exposed surface into triangles for 
STL format

i, j, k

(a) (b) (c) (d)

(5)
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Fig. 6: Skeletal sand mold design and comprehensive 
closed-loop cooling control

Fig. 5: Filleting of corners by offset location of corner vertices: (a) edge conjunction; (b) corner conjunction

(a) (b)

2.3 Comprehensive closed-loop cooling control 
This skeletal sand mold structure can be integrated into a 
comprehensive closed-loop cooling control system, as shown 
in Fig. 6. The shell provides a possibility to control the cooling 
of castings. A series of cooling nozzles or heaters can be 
arranged surrounding the shell, and temperature sensors can 
be embedded into the shell or attached to its surface. They can 
be connected to a control platform such as a programmable 
logic controller (PLC), with the nozzles serving as the actuator 
and the sensors serving as the input. The difference of the 
measured and set temperatures is used as the feedback to 
control the action of these cooling nozzles or heaters. Then, 
they can function at any required time and by any way, such 
as continuously or intermittently, according to requirements. 
For cooling, water, compressed air, liquid nitrogen, or other 
cooling media can be ejaculated from these nozzles to the shell 
surface. Thus, the comprehensive closed-loop cooling control 
of a casting can be realized. For example, the bottom of a 
casting can be chilled to facilitate its sequential solidification, 
the isolated hot spots can be fast cooled to avoid local 
shrinkage in replacement of chills, the risers and thick areas 
can be heated to prolong their solidification, and afterwards 
fast cooled to realize even cooling and then less residual stress. 

3 A case study - a round wall casting
A round wall casting, a typical casting structure, as shown in 
Fig. 7, was selected for the application of this skeletal sand 
mold design. Its diameter is 300 mm. The sprue is located at 
the center, and ten top waist shaped risers were designed.

Fig. 7: Geometry of a round wall casting with a series 
of risers

3.1 Skeletal sand mold design for casting
Firstly, the casting was meshed into structured meshes, as 
shown in Fig. 8(a). Then, numerical simulation of the heat 
transfer between the casting and environment was performed. 
The obtained temperature field is shown in Fig. 8(b), which 
served as the base for the determination of the adaptive shell 
thickness of the sand mold. The obtained skeletal sand mold 
for the casting generated according to the above mentioned 
algorithm is shown in Fig. 9. The shell mold thickness varied 
from 15 mm to 25 mm with the local thickness of the casting, 
the truss section was 25 mm by 25 mm, and the truss spacings 
in the x, y, and z directions were 75 mm, 75 mm, and 50 mm, 
respectively. For the skeletal sand mold with reinforcing ribs, 
the shell mold thickness range was also set to 15 mm to 25 mm, 
the cross section of ribs was 5 mm, and their spacings in the x, y, 
and z directions were 20 mm, 20 mm, and 20 mm, respectively.

3.2 Printing of skeletal sand molds 
Silica sand is used as the molding sand for 3D printing, and its 
composition is shown in Table 1. The sand particle size ranged 
from 0.14 mm to 0.25 mm.

R

Φ
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Fig. 8: Enmeshment of casting (a) and its temperature distribution which exhibit its thickness characteristics (b)

(a) (b)

Fig. 9: Designed skeletal sand mold for round wall test casting: (a) lattice support structure; 
(b) rib enforced structure

(a)

(b)

Table 1: Composition of sand used for 3D printing

Composition SiO2 Al2O3 TiO2 Fe2O3 Else

Content (%) 99.50 0.22 0.21 0.03 0.04

The STL files of the designed hollow sand molds with lattice 
support and rib reinforcing structures served as the input to an 
ExOne-Smax machine. They were sliced, with each slice being 
responsible for a layer of sand and binder. During the printing 
process, binder was just sprayed on the designated areas of sand 
layers. The binder was furan resin, the total content was 1.6% to 
1.8% of the weight of mold, and that of curing agent was 0.2%. 
The layer thickness during printing was set as 0.25 mm. The 
printed hollow molds are shown in Fig. 10.

The skeletal sand molds were treated as an integral structure 
without parting surfaces. Holes were drilled through the 
sand mold wall for the cleaning of the enclosed loose sand in 
the cavity, and then the cavity was checked by an industrial 
endoscope. Finally, these holes were plugged by high temperature 
resistance sealing paste, and left for hours to dry before pouring.

The designed shell-lattice and traditional molds are listed in 
Table 2. These new molds saved at least 54% of sand and resin, 
especially, 68% by the rib enforced structure, which is good 
for the reduction of printing cost and printing time, as well as 
environment protection. The cost is the main disadvantageous 
factor for the printing of sand molds, thus, the new design will 
bring a great impact on the application of additive making of 
sand molds.
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Fig. 10: Skeletal sand molds for the round wall casting printed by 3DP: (a) lattice support structure; 
             (b) rib enforced structure

3.3 Casting experiment 
A356 aluminum alloy was melted in a crucible in a resistance 
furnace and held at 730 °C. Then the melt was treated for 5 min 
by pressing refining and degassing agents (mainly chlorine 
salt) into it. The melt at 700 °C was poured into the skeletal 
sand molds at room temperature. Temperatures at the rim of the 
castings (Point P as shown in Fig. 7) and molds were measured 
by K-type thermocouples and the temperature distribution of 
the whole sand molds was measured using an infrared imaging 
camera (FLIR T460 made by FLIR Systems, Inc., USA). 

These two round wall castings were cooled differently: natural 
convection for the skeletal sand mold with lattice support and 
water spray cooling for that with rib enforcement, as shown in 
Fig. 11. As the temperature of the melt at Point P fell below the 

solidus line, the pressurized water tank started to spray water 
mist on the hollow sand mold surface with rib reinforcing 
structure. Two water spray nozzles were used, one for the 
left side, the other for the right side. The two nozzles moved 
horizontally and then vertically to cover the whole casting, and 
then repeated. The water spray dispersion angle was 80°, the 
water drop was around 1-4 mm in diameter, and its flow speed 
was around 1.0 m·s-1. The spray nozzles turned around the sand 
mold every 3 min. As the tiny water drops splashed on the hot 
mold surface, they turned into vapor immediately. There was 
no water drip from the mold surface. The mold seemed wet at 
the end of the casting process and still kept good strength, no 
collapse occurred. The round wall casting was shaken out as it 
reached 200 °C.

Table 2: Comparison of skeletal and traditional molds

Type Shell thickness 
(mm)

Size of Lattice 
(mm)

Lattice or rib spacing 
(mm)

Weight 
(kg)

Weight reduction 
rate (%)

Dense sand mold 
(traditional) - Outbound box

425×425×245 - 70.8 -

Shell-lattice sand 
mold 10 25×25 75×75×50 32.5 54

Rib enforcing sand 
mold 10 5×5 20×20×20 22.2 68

(a) (b)

Fig. 11: Cooling of the round wall castings in two skeletal sand molds by different cooling methods: (a) natural 
convection; (b) forced cooling

(a) (b)
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Fig. 12: Obtained round wall castings by natural cooling (a) and water spray cooling (b)

The obtained round wall castings by skeletal sand molds 
under two cooling conditions are shown in Fig. 12. Both castings 
are sound and smooth, the one formed in the rib enforced sand 
mold shows one flash. The surface roughness of the casting was 

scanned by a three-dimensional scanner (FORM TALYSURF 
PGI800 made by Taylor Hobson Inc., UK). The surface finish 
reaches level four.

(a) (b)

These two cast ings were scanned by a 3D scanner 
(HSCAN-300 made by Hangzhou Scantech Co., Ltd., China) 
and then 3D models were constructed. In comparing the scanned 
and designed models of the casting by software Geomagic 
Control, their deformation diagrams were acquired. RS200, 
a residual stress measurement device based on the blind hole 
method, a product of Vishay Precision Group, USA, was used 
to measure the surface residual stress of Point P on the rim of 
the hub castings, as shown in Fig. 13. Samples were taken on 
the hub rim of the castings for microstructural observation and 
mechanical properties testing. The sampling position is shown 
in Fig. 7. Tensile bars and microstructure samples were prepared 
from the cut samples. The microstructure was analyzed by a 
LEO-1450 scanning electron microscope. The tensile tests 
were conducted on a WDW-10E universal testing machine. 
The hardness tests were done by a TH604 Brinell hardness 
instrument with a cemented carbide indenter. The samples for 
hardness test measured 20 mm×20 mm×20 mm.

3.4 Results analysis
During the casting process, the effects of natural cooling and 
water cooling on the cooling time, stress and deformation, 
microstructure and performance were investigated, and the 
experimental results were compared and analyzed.

3.4.1 Comparison of natural cooling and forced cooling 
efficiency

The surface temperature distribution pictures of the skeletal sand 
molds, taken by the infrared thermal imaging camera, are shown 
in Fig. 14. When the skeletal sand mold with lattice support 
structure was naturally cooled for 1,000 s, the sand mold surface 
reached 360 °C at the area corresponding to risers, however, the 
furthest lattice corner was just about 60 °C. After 5,000 s, the peak 
temperature of the sand mold surface fell to about 180 °C, while 
the lowest temperature was lower than 60 °C. 

For the skeletal sand mold with reinforcing ribs, firstly, it 
was naturally cooled for 800 s, its highest surface temperature 
reached about 340 °C, and the measured temperature of the rim 
indicated that the casting had completely solidified. Secondly, 
the water cooling started. After a total of 2,700 s, the peak 
temperature of the sand mold surface decreased to about 180 °C.

The temperature variations with time of the rim of the round 
wall castings and the corresponding position of the shell surface 
of these two skeletal sand molds were extracted from the 
infrared photos, and are shown in Fig. 15. The cooling curves 
of the casting and mold under two cooling conditions showed 
significant difference. The casting with the skeletal sand mold 
began to solidify after 500 s and completely solidified after 800 s. 
For natural cooling, it took the round wall casting 7,000 s to drop 
to the shakeout temperature of 200 °C. It took the shell surface 
of skeletal sand mold 1,000 s to reach the peak temperature of 
350 °C. The temperature range of the shell mold corresponding 
to the wheel rim was 350-180 °C during the natural cooling 

Fig. 13: Residual stress measurement of the wheel hub
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Fig. 14: Infrared imaging of the sand mold during the casting process of the casting: (a) skeletal sand mold with lattice by 
natural cooling at 1,000 s; (b) skeletal sand mold with lattice by natural cooling at 5,000 s; (c) rib enforced sand 
mold by water spray cooling at 800 s; (d) rib enforced sand mold by water spray cooling at 2,700 s

stage. As the cooling proceeded, the temperature difference 
between the casting and mold gradually decreased to 28 °C. For 
water spray cooling conditions, it took the casting only 2,700 
s to drop to the shakeout temperature. The shell surface of the 
skeletal sand mold reached the peak temperature of 350 °C. 
Then the shell surface temperature fell sharply as water spray 
cooling was adopted, and finally reached a level of about 80 °C. 
The shell mold temperature varied from 350 °C to 80° C during 
the water cooling process. The temperature difference between 
the sand mold and the casting decreased first and then kept at 
a relative stable value, which means a stable cooling rate was 
reached during the water spray cooling. The cooling time of the 
casting under water cooling was reduced by 4,300 s, the cooling 

efficiency was increased by 62%, which greatly shortened the 
time to shakeout.

This phenomenon was due to the fact that the skeletal 
sand mold is sensitive to water cooling. The mold surface 
temperature under water spray cooling is significantly lower 
than that under natural cooling, which means the heat release 
from the casting is greatly absorbed by the sprayed water. 
Meanwhile the lower surface temperature of the sand mold 
increases the temperature discrepancy between the sand mold 
and casting, and the great temperature gradient leads to good 
heat transfer. Therefore, the casting under water cooling shows 
a faster cooling rate, a greater slope of the cooling curve, and a 
shorter time to shakeout during the casting process.

3.4.2 Effect on residual stress

The circumferential residual stress of the hub casting under 
natural cooling was 55 MPa, in tensile state; while, that of the 
casting under water cooling was -31 MPa, in compressive state. 
This shows that the action of water cooling alters the stress state 
of the casting rim surface. The temperature difference between 
the internal and external surfaces of the rim determines its 
residual stress. The greater the temperature difference, the lower 
the tensile stress or even compressive stress. The water spray 
cooling greatly facilitates the cooling of the external surface of 
the rim, but a little effect on the internal surface. This leads to a 
greater temperature difference between the internal and external 
surfaces. As the internal surface of the rim contracts finally, the 
external surface is compressed, which results into compressive 

Fig. 15:  Cooling curves of the round wall castings and 
skeletal sand molds

(a) (b)

(d)(c)
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stress. Compared with tensile stress state, the surface compressive 
stress is beneficial to the performance of the casting.

Deformation diagrams of these two round wall castings by natural 
cooling and water cooling were acquired, and the sections of the rim 
were compared, as shown in Fig. 16. Both the internal and external 
rings of the rim under natural cooling and water spray cooling 
conditions exhibit a central contraction of 1.0 mm, 1.5 mm, 1.0 mm, 
1.4 mm, respectively. The rim under water spray cooling leads to less 

contraction of the external surface of the rim compared 
to that with natural cooling. That is because of the 
enough time for contraction in the latter condition. The 
contraction of the rim under natural cooling is more 
uniform, that of the rim under water spray cooling is not 
uniform. The reason is that moving water spray nozzles 
leads to fluctuating cooling. If a number of nozzles are 
arranged surrounding the sand mold, the contraction 
of the rim will be uniform. The skeletal sand mold 
design provides the cooling control possibility, if the 
cooling is exerted in different periods, the deformation 
can be reduced. For example, as the casting reaches 
high strength, forced cooling can improve the cooling 
efficiency with less deformation.

3.4.3 Effect on microstructure
The as-cast microstructures of the round wall casting 
under natural cooling and water cooling are shown in 
Fig. 17. The microstructure of the hub casting is mainly 
consisted of primary α-Al and eutectic structure of α-Al 
and Si phases. The morphology of eutectic Si is pallet-
like. The eutectic Si aggregately disperses among the 
α-Al grains. Cracks and shrinkage cavities occur in the 
aggregation region of the eutectic Si phase. The secondary 
dendrite arms of the α-Al substrate are relatively smooth. 
The microstructure of the round wall castings under water 
spray cooling differs from that under natural cooling 
with more round dendrite arms of α-Al and finer eutectic 
silicon phase of rod or granular shapes.

Fig. 16: Comparison of deformation of the wheel rim: 
             (a) location of sections deformation of wheel rim;  
             (b) displacement in radial direction is magnified 15 times

Fig. 17: Microstructures of wheel hub: (a and b) natural cooling; (c and d) water spray cooling
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Figure 18 shows the SEM images and EDS results of the 
castings under natural cooling and water cooling conditions. 
The Mg and Cu contents in the Al substrate are 0.69wt.%, 
0.07wt.% under natural cooling, respectively, but they are 
improved to 0.80wt.%, 0.11wt.% under water cooling, 

respectively. The water cooling makes the casting cool faster, 
hinders the precipitation of Cu and Mg from the Al substrate, 
so the concentration of Cu and Mg in the matrix is higher. 
Therefore, the castings under water cooling possess higher 
strength and hardness than the casting under natural cooling.

Fig. 18: EDS results of Mg and Cu contents in matrix within the scanned Area 1-1: natural cooling (a), and 
Area 2-1: water spray cooling (b)

3.4.4 Effect on mechanical properties

Mechanical properties are shown in Table 3. The tensile and 
yield strengths of the casting under water cooling are slightly 
higher than that under natural cooling condition. This is 
because the forced cooling causes surface compressive stress, 
meanwhile, the higher content of Cu and Mg in the matrix 
leads to solution strengthening. The hardness value of the hub 
casting under natural cooling was 51.3 HB, and that of the 
casting under water cooling was 57.6 HB. Thus, water cooling 
is beneficial to the improvement of hardness. The mechanical 
properties are greatly determined by the internal quality of the 

Table 3: Comparison of as-cast mechanical properties of castings under natural and water spray 
cooling

Cooling condition Hardness 
(HB)

Tensile strength 
Rm (MPa)

Yield strength 
Rp0.2 (MPa)

Elongation 
A (%)

Natural cooling 51.3 118 83 1.5

Water spray cooling 57.6 126 88 1.5

Traditional sand mold [26] - 132±9.5 68±3.5 2.5±1.1

castings. Under the same melting condition, the strength of 
the casting under water spray cooling is higher than that under 
natural cooling.

3.4.5 Cracks of hollow sand molds

Cracks appears on the hollow sand mold surface after the 
solidification of the round wall casting. The main position is 
the joint between the struts and the sharp transition of the shell 
mold. The reason is the contraction of the castings during the 
casting process. However, the cracks do not affect the quality 
of the castings.

(a)

(b)
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4 Conclusions
A comprehensive closed-loop cooling control of castings by 
adopting a skeletal sand mold design was proposed and was 
applied to a round wall test casting. Two kinds of skeletal sand 
molds, one with lattice support and the other with rib enforced 
sand molds were designed and printed out by 3D printing 
method. Aluminum round wall castings were produced by 
using these two sand molds, one was under natural cooling, 
the other under water spray cooling. The sand mold surface 
temperature, cooling curves, microstructures, and mechanical 
properties of the castings were compared and discussed. 

(1) By using both skeletal sand molds and different cooling 
conditions, sound castings were obtained with good surface 
finish of level four although no paint was coated on the internal 
surface of the sand mold, and no spur was found because of 
the unit design of the sand mold.

(2) The skeletal sand molds are at least 54% lighter than the 
traditional dense sand mold.

(3) Water spray cooling increases the cooling speed of the 
casting by 62%, saving 4,300 s. 

(4) The surface residual stress of the round wall casting 
under water spray cooling is in compressive state instead of 
the tensile state under natural cooling, i.e., forced cooling can 
be used to adjust the surface stress state of a casting.

(5) The microstructure of the round wall casting under water 
spray cooling differs from that under natural cooling, with 
more round dendrite arms of α-Al and more finer eutectic 
silicon phase of rod or granular shapes. 

(6) The hardness and mechanical properties are increased by 
using water spray cooling because higher Cu and Mg contents 
are kept in the aluminum matrix.
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