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ABSTRACT 3D printing technology has recently been highlighted as an innovative 
manufacturing process. Among various 3D printing methods, a binder jetting (BJ) 3D printing is 
particularly known as a technology to produce the complex sand mold quickly for a casting 
process. However, high manufacturing cost, due to its expensive materials, needs to be lowered for 
more industrial applications of 3D printing. In this study, we investigated mechanical properties of 
sand molds with a lightweight structure for low material consumption and short process time. Our 
stress analysis using a computational approach revealed a structural weak point in a mesh-type 
lightweight design applied to the 3D-printed ceramic-polymer composite. 
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INTODUCTIONS 

A casting process has played an important role in the field of conventional metal technology for 
thousands of years. In manufacturing various machines, automobiles, ships and their parts, the 
casting process is being still selected with a high portion: machine tools (81%), electrical 
machinery (80.8%), textile machinery (50%), ship machinery (99.2%), and automobile (13%), 
Gunther & Mogele, (2016). In addition, nowadays a rapid change in a manufacturing environment 
is requiring a faster casting process.  

An additive manufacturing technology called 3D Printing is attracting attention as one of the 
representative technologies that can lead the 4th industrial revolution, Byun et al. (2016). The 
American Society for Testing and Materials (ASTM) has classified 3D printing technology based 
on lamination methods such as Photo Polymerization (PP), Material Extrusion (ME), Binder 
Jetting (BJ), Material Jetting (MJ), Power Bed Fusion (DED), and sheet lamination, ASTM. 
Among these 3D printing techniques, the BJ method indicates binding together powder particles 
by selectively jetting a polymer binder layer-by-layer to form a green part. Particularly a sand BJ 
3D printer has a big merit to make a complicated sand mold directly without a wooden mold which 
is necessary in a conventional sand mold process. It is also possible to produce the sand molds 
using the BJ 3D printing faster than conventional methods. For example, the BJ 3D printing 
quickly makes sand molds with integrated gating systems, embedded cores, and without the need 
for a wooden mold, Kumar et al. (2017), Voxeljet (2016). However, high material price and 
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Table 1. Analytical methods and conditions used in computer numerical analysis. 
 
Software COMSOL Multiphysics ® 

Test conditions Compression with prescribed velocity (-2 • 10-5 m/s) 

Loading direction Z-direction 

Compression time 0.1 sec 

Mechanical analysis Using principal stress( XX, YY, ZZ) 

 
 
 
RESULTS AND DISCUSSIONS 

To obtain an optimum lightweight pattern design for a ceramic-polymer composite using the BJ 
3D printing technique, it is necessary to consider two competing factors: a structural strength and 
an easiness of taking out unbound sand powders.  Normally lightweight designs decrease total 
weight by regularly arranging an empty space inside a structure. While an excessive hollow 
volume inside the ceramic-polymer composite results in severe strength drop, low unfilled one can 
prevent the unbound sand particles from getting out of inside vacant units perfectly. It is thus 
significant to address the relation between strength and hollow volume density considering the 
taking-out of unbound sand powders.  

For the purpose of controlling the hollow volume density in this work, we introduce two types 
of a geometrical unit pattern: reducing total volume by arraying square holes and increasing total 
one by increasing lattice beam thickness (See small sample images of Fig. 2).  Compressive 
strength ( C) curves of two lightweight designs are shown at Fig. 2.   

Figure 2a is a graph of C of the molding sand specimen with square holes as a function of size 
of the square holes. In case of the specimen with 1 mm inner hole, it is difficult to remove the 
inner unbound sand powders. It turns out the size of the inner hole should be at least 2 mm for 
taking out the inner sand powders clearly. C and / 0 decreases as the square hole size increases. 
It indicates a bulk volume with no holes that the inner hole size is zero in Fig2a. The C value, 
~5.7MPa, of the bulk volume decreases to ~20% of initial one at the hole size of 4nm, 
corresponding to the volume ratio ( / 0) of 74%. 

The compressive strength ( C) with a change of the lattice beam thickness of the lightweight 
structure is shown in Fig. 2b. To avoid an abnormal easy facture at top and bottom lattice 
structures interfacing with a tester during a uni-axial compression test,  a solid volume, acting as a 
pad, with  15 mm thickness are added to the top and bottom faces of samples, respectively. 
Basically C increases as the lattice beam thickness increases. Besides, C values increases more 
largely at high density samples (12T and 15T of Fig.2b) with the lattice-type (type-2), compared 
with those of the hole-type samples (type-1) in Fig. 2a. Adopting a normal metal lattice design 
with thin lattice beam thickness to our thick lattice structure for a sand mold, some samples with 
thick lattice thickness have an exaggerated mesh shape (See the sample image of Fig. 2b) 
exceeding outside boundary of original bulk volume.  This may cause large increase of C at thick 
lattice samples (12 T ~15T) of Fig. 2b. 
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Figure 2. Change of compressive strength ( C) by hole size and lattice beam thickness at two 
different types of samples: Type1 – cube with square holes, Type-2 – mesh structure with pads. 
The definition of volume ratio ( / 0) was previously mentioned in the chapter of ‘experimental and 
simulation set-up’.  
 
 

Figure 3 shows a change of compressive strength ( C) by the volume ratio ( / 0 ).   In case of T 
> 8 (8T, 10T, and 15T), a relation between C and / 0 appears to be linearly proportional and 
exponential at high and low / 0, respectively. As a pad size of our mesh-type structure decreases, 
a transition from dual (regime-I, II) to single (regime-I) correlation takes place. The single plot of 

C- / 0 at whole / 0 range is reasonable as mechanical response of a pure mesh-structure. On the 
contrary, it is assumed that small mesh portion between thick pads acts as a pseudo-bulk at high 
/ 0. This may be a reason for the two different C- / 0 plots at high pad thickness ( > 8T).  

We also examine compressive strength by a relative portion of pad and mesh at our mesh-type 
sample as shown in Fig. 4a. The mesh-type sample has vertical length (lz) of 50mm in Fig. 4b. 
Since the samples consists of top and bottom pads and mesh, thicknesses of pad (tpad) and mesh 
(tmesh) portion can be variable with the relation of   2 * tpad + tmesh = lz. The pad thickness is changed 
from 6 to 15mm, and it makes the different pad-mesh ratio (R = tmesh/ tpad) and volume ratio ( / 0). 
As / 0 decreases by applying the lightweight structure of mesh-type, C gradually decreases at all 
samples with pad thickness of 6, 8, 10, and 15mm (6T, 8T, 10T, and 15T).  When / 0 is close to 
0.7, the C value at 15T is quite lower than those at 6, 8 and 10T.  Whereas the R value of 15T 
sample is 1.3, all other samples showing higher C at / 0 =0.7 satisfy ‘R >3’. Therefore, it turns 
out that R is a significant factor to have an influence on a mechanical property at a mesh-type 
lightweight structure.   

The mesh-type sample with 15T which showed low C at Fig. 4 is analyzed at Fig. 5 using FEM 
simulation.  ZZ-stress values of two samples with 8T and 15T are illustrated with two different 
views, vertical (XZ) and top (XY) planes. As the bulk area (pads) becomes thicker at Fig. 5b, the 
stress is more largely concentrated at the boundary of the pad and mesh structures, thereby 
resulting in a fracture at mesh lattice beams (see XY-plane views of fig 5a and b). 
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Figure 3. Various compressive strength ( C) plot as a function of volume ratio ( / 0 ) at different 
pad (bulk) thickness (tpad = 6T, 8T,10T and 15T)  
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Figure 4. Compressive strength ( C) as a function of volume ratio ( / 0) with different pad (bulk) 
thickness (tpad = 6T, 8T,10T and 15T) and thickness ratio of mesh and bulk (R = tmesh/ tpad ) 
 
 
 

  
Figure 5. ZZ-Stress distribution at XZ (left images) and XY planes of the mesh-type samples using 
FEM simulation: (a) Thickness of bulk (pad) and mesh: 8 mm/10 mm (b) Thickness of bulk (pad) 
and mesh: 15 mm/10 mm  
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CONCLUSIONS 
 

In this work, we studied fundamental design factors of lightweight structures for a BJ 3D 
printer and carried out those mechanical evaluations with experiments and FEM simulations.    
 
1. For optimum lightweight designs of ceramic-binder composites, there are two competing factors 
to be well understood: strength and taking-out sand powders. If inner holes become bigger for easy 
taking-out of sand powders, the strength becomes lower.  

 
2. At mesh-type lightweight structures with mesh and pads at top and bottom, increasing pad 
thickness and decreasing a mesh area result in increasing local tensile stress concentration at 
curved mesh beams. Considering quite lower tensile facture strength than compressive one in a 
ceramic-polymer composite, it turns out that excessive pad thickness makes an easy fracture at a 
lightweight structure. 

 
3. Since a commercial S/W for topology optimization provides lightweight designs for rigid single 
component materials such metals or plastics, it is not suitable to apply the lightweight designs to a 
ceramic–binder composite with different mechanical behaviors.  As a result, new types of light 
weight structures for sand casting molds are required to spread the BJ 3D printing technology to a 
foundry industry. 
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