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A STUDY ON THE ABILITY TO FABRICATE MOLD USING 3D PRINTING
TECHNOLOGY AND EVALUATE THE SURFACE ROUGHNESS OF PRODUCTS
IN INVESTMENT CASTING

The investment casting (IC) process is a technique used to produce high-precision metal castings, including
complex shapes and metals that are difficult to cast using conventional methods. Typically, the process begins by
creating a wax pattern from a mold in the initial steps. The molds used for IC are fabricated using conventional
machining techniques. However, this mold preparation approach can be challenging when it comes to fabricating
complex shapes and thin walls, particularly in small-batch production scenarios. To overcome this limitation, this
study explores a flexible design approach that utilizes three-dimensional printing (3DP) to fabricate IC molds. The
key advantage of this approach is the combination of the flexible design mold and the surface roughness (SR) of
the casted parts. The experimental results demonstrate that the SR of the casted products fabricated using the 3DP
mold is comparable to that obtained from the conventional mold-making process. These findings provide an
alternative strategy for preparing IC molds with high flexibility, which can accommodate various scales of
production. The 3DP-based approach offers a more adaptable solution compared to conventional machining
methods, particularly for complex geometries and small-batch manufacturing.

1. INTRODUCTION

The investment casting (IC) process, also known as the lost wax process, is a foundry
technique for producing high-precision metal castings [1, 2]. One of the primary advantages
of this process is its ability to create castings with a smooth surface finish, complex shapes,
thin walls, and delicate features that would be challenging or impossible to machine using
traditional methods [3, 4]. Moreover, IC is particularly well-suited for casting complex shapes
and features that would be difficult or improbable to produce using other casting techniques,
such as sand casting, squeeze casting, die casting, semi-solid die casting, and plaster mold
casting, as this technique has no metallurgical limitations [5, 6]. As a result, a wide range of
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products with high-quality surfaces has been produced using IC, including turbine blades,
electrical equipment and electronic hardware, radar systems, statues and art castings,
prosthetics, golf club heads, agricultural equipment, machine tool components, hand tools,
fuel systems, jewellery, aircraft engines, turbochargers, computer hardware, automobile
components, dental applications [7-9]. This versatility and ability to produce complex, high-
precision castings make the IC process a valuable tool in a wide range of industries.

The molds are typically manufactured using conventional machining techniques to
produce wax patterns for the investment casting (IC) process. However, this approach
displays certain limitations when fabricating particular features, such as thin-wall thickness,
sharp corners, undercuts, etc.... These constraints can significantly increase fabrication costs
and time, especially for small-batch production [10, 11]. These disadvantages of traditional
mold fabrication for IC can be overcome by utilizing additive manufacturing (AM)
technology, also known as 3D printing or rapid prototyping [8, 9, 12]. This toolless
manufacturing technology involves connecting materials to create objects from 3D model
data, often layer by layer, as opposed to subtractive manufacturing methodologies [13, 14].
The flexibility of this approach allows for the preparation of patterns for fabricating IC molds
with enhanced design flexibility, minimum energy consumption, and reduced time to market,
particularly for small-batch productions and complex shapes [15-17]. According to a recent
report, the lead time and production costs could be reduced by 60% and 89%, respectively,
by using AM in IC [12]. Chander Prakash and co-workers demonstrated that employing AM
in 1C not only reduces cost and time but also energy consumption and CO2 emission [16].
Recently, 3DP technology has also been employed to prepare plastic injection molds [18-21].
For instance, the rectangular cooling channels of the 3D printed mold were developed to
reduce the cycle time in plastic injection molding [18]. John Ryan C. Dizon and co-workers
fabricated injection molds with different 3DP ways and materials in polymers to compare
their dimensional accuracy [5, 10, 20, 22].

While there have been some reports on the use of 3D printing (3DP) in plastic injection
molding, there is a lack of comprehensive studies exploring the application of 3DP in the
manufacturing of investment casting (IC) molds and/or providing a transparent comparison
of the efficiency between 3DP and traditional methods for preparing IC molds. To address
this technological gap, this study evaluates the potential of using 3DP for fabricating IC
molds. The potential applications of the developed mold in the real world are investigated in
terms of the surface roughness (SR) of the casted parts, which was compared to that obtained
from the traditional aluminum mold.

2. MATERIALS AND METHODS

2.1. MATERIALS

Rigid 10K resin, supplied by 3D Smart Solutions Company, Vietnam, is used for SLA
(Stereolithography) 3DP. The thermal conductivity of the resin is shown in Table 1.
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For comparison, 6061 aluminum (Al) is used to manufacture the IC mold. This class of
Al is widely employed in wax molding since it has excellent thermal conductivity, corrosion,
and low price [23]. Tables 2 and 3 show the chemical composition and the thermal

conductivity of 6061 Al.
Table 1. Thermal conductivity of rigid 10K resin [23]
Temperature <C Value W/(m K)
40 0.5
50 0.53
60 0.55
Table 2. Chemical composition of Al 6061 [24]
Element Mg Fe Si Cu Mn V Ti Al
Weight % 1.08 0.17 0.63 0.32 0.52 0.01 0.02 Remainder

A wax mixture of 118174 Freeman Flakes Wax—Super Pink from (Freeman
Manufacturing & Supply Company, Avon, OH, United States) was used to prepare IC

Table 3. Thermal conductivity of AI6061 [25]

Temperature °C

Value W/(m.K)

50 154.9
100 158.3
150 160.1

patterns. Its thermal conductivity is shown in Table 4 [23].

SKD61 steel was used as a casting substance. It is supplied by the manufacturer JUKI
(VIETNAM) CO., LTD. The nominal chemical composition of SKD61 steel is given in

Table 5.

Table 4. Thermal conductivity of wax [23]

Temperature C

Value W/(m.K)

40 0.35
50 0.37
60 0.39

Table 5. Chemical composition of SKD11

Element

Si

Cr

Mo

\Y

Mn

Fe

Weight %

<0.38

<0.1

<5.0

<1.25

<1.0

<0.4

Remainder
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2.2. METHODS

2.2.1. PREPARATIONS OF THE MOLDS

Preparation of 3DP mold cavity. First, the cavity was designed using Creo Parametric
8.0 (PTC, Boston, Massachusetts, United States). Next, the STereoLithography (STL) file
was exported from the design (Fig. 1a). After that, the STL geometry file was preprocessed
utilizing the slicer program Formlabs Preform (Fig. 1b). The appropriate algorithm
parameters, supports, and laser pathways were selected and generated on layers for printing
the designed model. The layer thickness was established at 50 um. Next, the obtained 3D-
printed cavity was washed using Formlabs Form Wash (Fig. 1c). To get rid of the liquid resin
on the part surfaces, the 3D-printed cavity was immersed in high-purity 99.9% isopropyl
alcohol (IPA) for 20 minutes in a Formlabs Form Wash machine (Fig. 1d). After removing
all of the supports using a cutter, the cavity experienced heat treatment and UV exposure in
a Formlabs Form Cure machine. The time for printing cavities, washing at room temperature,
UV curing at 60°C, and heat treatment at 125°C was 722 min, 20 min, 60 min, and 90 min,
respectively (Table 6). The manufacturing and assembly steps of the 3DP mold are shown in
Fig. 1d.

a)

3D CAD Orientation, Fabrication [PA-washing, Assembly

and export supports generation with 3D UV-curing, in mold
to STL file and Slicing printer heat treatment

Fig. 1. Process making 3DP mold for IC

Table 6. Post-processing (washing IPA, UV, and heat treatments) used for materials

Post-Processing Tem(pz ((a:r;a\ ture (1;:'?3
Washing IPA RT 20
UV curing 60 60
Heat treatment 125 90

Preparation of the aluminum mold. First, a CAD model of the mold was designed using
Creo Parametric 8.0. The CNC machine's tool paths and G-codes were then generated using
the Mastercam software (CNC Software, Tolland, Connecticut, US). Next, the CNC machine
with the cutting tools was set up. Then, the 6061 Al workpiece was fabricated to obtain the
mold.
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2.2.2. FABRICATIONS OF THE IC PATTERNS

First, the wax is heated at 53°C. Then, it was injected into the molds, including 3DP and
6061-Al molds, by the vertical injection machine. After the cooling step, the pattern was
ejected from the molds. Table 7 shows the parameters of this process.

Table 7. The parameters of the injection process

Specifications Unit Value

Holding time S 51030
Cooling time S 2
Wax temperature °C 53
Cooling temperature °C 24
Injection pressure MPa 30
Holding pressure MPa 65

2.2.3. SHELL MOLD PREPARATIONS FOR IC CASTING

The shell molds were prepared following the methodology described in a previous study
[26]. First, wax patterns were coated with ceramic material four times. Specifically, the
patterns were dipped in a ceramic slurry composed of 16.86% colloidal silica 830, 83.3%
zircon flour, 0.1% defoaming agent, and 0.06% degassing agent. After the ceramic coating,
the patterns were covered in ceramic particles, including zircon 22 s and zircon 35 s. The
coated patterns were then dried at 25°C and 70% humidity (as shown in Fig. 2a). Finally, to
create the mold cavities, the wax patterns were extracted from the outer ceramic shell and
heated to 1000°C in a furnace. These cavities were subsequently used for casting molten
SKD61 alloy.

CEIEaMIC o o7
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a) ; b)

Fig. 2. (a) Shell mold preparations. (b) The surface roughness tester and a fixture
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2.2.4. SURFACE ROUGHNESS MEASUREMENTS

The surface roughness of the prepared molds, cast wax patterns, and cast products was
measured using a Mitutoyo SJ-210 surface roughness tester (Mitutoyo, Kawasaki, Kanagawa,
Japan), as shown in Fig. 2b. The roughness parameter Ra (um) was evaluated using a cutoff
length of 0.8 mm. Various positions on the prepared molds, cast wax patterns, and cast
products, which were prepared using 3DP and 6061-Al molds, were inspected to compare the
surface roughness. The same measurement locations were investigated for each type of model.

3. RESULTS AND DISCUSSION

In this research, the mold cavity was 3D printed using an SLA printer and a rigid 10K
resin material. This 3DP mold cavity was then assembled into a 6061 aluminum mold base,
as shown in Fig. 3a(i). For comparison, a 6061-Al mold was also manufactured separately
using a CNC machining process, as depicted in Fig. 3a(ii). Both the 3DP and CNC-machined
molds were then installed on a vertical injection molding system, and experiments were
conducted to evaluate their ability to create wax patterns (Fig. 3b). The results demonstrated
that all the desired features were successfully fabricated in the wax patterns using both types
of molds (Fig. 3c). These wax samples were subsequently employed to prepare the ceramic
shell molds used for casting the final products (Fig. 3d).

a)

[

ad

1

!J;\ ‘yl inr

v
L

Fig. 3. (a) The molds for IC: (i) 3PD mold and (ii) 6061-Al mold. (b) The molds were mounted in a wax vertical
injection molding machine. (c) The injected wax patterns: (i) wax patterns prepared from the 3PD mold and (ii) wax
patterns obtained from the 6061-Al mold. (d) The IC casted parts: (i) casted parts produced using the 3PD mold and (ii)
the part manufactured using the Al mold

3.1. SURFACE ROUGHNESS OF THE CAVITY

Surface roughness of the mold cavity is one of the most critical factors in investment
casting, as it directly impacts the quality of the casted parts in terms of strength, weight,
dimensional accuracy, porosity, microstructure, and residual stress [13, 27—29]. This section
discussed the measurement and evaluation of the SR of the 3DP and 6061-Al mold cavities.
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The effect of mold surface roughness on the wax patterns and casting parts is also explored
in the following sections. The SR of the molds was measured at the same positions as shown
in Fig. 4a,b. During the testing, the tester probe moved horizontally at positions 1, 2, 3, 4, 5,
7, 8,9, 10, 11, and 12. At positions 6 and 12, the probe moved vertically.

b)
[ 16061-Al mold
304 - B 3DP mold

Positions

)

Fig. 3. The positions were measured SR of cavity mold (a) 6061-Al and (b) 3DP molds. (c) The SR values were
measured at various positions in the cavities of the 6061-Al and 3DP molds. In plots (c), the error bars indicate the
standard deviations (n = 3)

The SR values of the cavity in the 6061-Al mold and the 3DP mold are shown in Fig.
4c and Table 8. The results indicate that the SR of the 6061-Al mold was lower than that
measured in the 3DP insert mold at all positions. The arithmetic average SR of the 6061-Al
mold ranged from 0.05 pm to 0.45 um, while the SR of the 3DP mold fluctuated between
1.02 um and 2.83 pum. The significant variation of the obtained SR in each mold was probably
due to the different moving directions of cutting tools or printing nozzles during fabrication
[26, 30]. The highest SR value of 0.45 um for the former was obtained at position 10, and the
lowest value of 0.05 um was measured at position 3. For the latter, the highest SR values of
~ 2.83 um were observed at positions 6 and 12, while the lowest value of 1.02 pm was
measured at position 8 (Fig. 4c and Table 8). The higher SR at positions 6 and 12 of the 3DP
insert mold was likely because the roughness measurement direction was perpendicular to the
printing direction [27]. Additionally, the SR of the 3DP insert mold was more variable than
that of the 6061-Al mold, as it was also influenced by other printing parameters such as blade
gap, hatch space, and position on the build platform [31]. This is because 3D printing builds
parts layer by layer, resulting in inherently higher SR compared to traditional machining
methods [29].
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Table 8. The SR values were measured at various positions in the cavities of the 6061-Al and 3DP molds

Type of mold
Positions 6061-Al mold 3DP mold
1t ond 3rd Arithmetic Star_wdgrd 1t ond 31 Arithmetic Standgrd
average | deviation average | deviation
1 0.23 | 0.20 | 0.20 0.21 0.014 2.29 190 | 1.67 1.95 0.256
2 0.31 | 030 | 0.31 0.31 0.006 1.08 1.00 | 0.99 1.02 0.040
3 0.05 | 0.05 | 0.05 0.05 0.000 1.56 139 | 1.21 1.39 0.143
4 0.19 | 0.18 | 0.21 0.19 0.013 1.38 1.40 | 1.50 1.43 0.053
5 0.40 | 042 | 041 0.41 0.008 1.82 190 | 1.74 1.82 0.065
6 0.29 | 0.29 | 0.29 0.29 0.000 3.11 2.78 | 2.60 2.83 0.211
7 0.29 | 0.27 | 0.26 0.27 0.013 2.12 2.07 | 2.08 2.09 0.022
8 014 | 0.2 | 0.24 0.19 0.041 1.54 1.48 | 1.19 1.40 0.153
9 0.23 | 0.22 | 0.19 0.21 0.017 1.30 125 | 1.58 1.38 0.145
10 0.44 | 0.46 | 0.46 0.45 0.01 1.10 120 | 141 1.24 0.129
11 0.20 | 0.20 | 0.20 0.20 0.000 2.14 1.82 | 1.47 1.81 0.274
12 0.21 | 0.23 | 0.24 0.23 0.013 3.03 2.82 | 2.65 2.83 0.155

3.2. SURFACE ROUGHNESS OF THE WAX PATTERNS

After the wax patterns were injected, the SR was measured at various positions
(Fig. 5a,b) to investigate the SR of the wax patterns. The results for the wax patterns obtained
from the two molds are shown in Fig. 5¢ and Table 9. The wax patterns produced using the
6061-Al mold (Al-patterns) had a smaller SR compared to the patterns made with the 3DP
mold (3DP-patterns) at positions 1, 2, 3, 6, 8, 9, 10, and 12. However, the Al-patterns had
a higher SR than the 3DP-patterns at positions 4, 5, 7, and 11. The arithmetic average SR of
the 3DP-patterns ranged from 0.60 um to 1.73 um, while that of the Al-patterns varied
between 0.61 um and 1.64 pm. For the 3DP-patterns, the highest and lowest SR values were
at positions 12 and 3, respectively, while the highest and lowest SR for the 6061-Al mold
were at positions 11 and 9, respectively (Fig. 5¢c and Table 9).

6061-Al mold|
(I 30P mod |

a) b) OSC;nS
Fig. 5. The positions for measuring the SR of wax pattern form (a) Al-patterns and (b) 3DP-patterns. (c) The SR value
of the Al-patterns and 3DP-patterns. In plots (c), the error bars indicate the standard deviations (n = 3)
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Although the fabricated molds had different SR, the SR of the resulting wax patterns
was comparable. This was likely due to the high surface tension of the molten wax, which
prevented it from filling the micro slots in the printed surface during the wax injection process
[30]. The reduction in SR from the molds to the wax patterns achieved in this research was
much greater than in previous studies. For example, the SR of FDM-based ABS patterns was
reduced from 21.63 to 14.40 um with pre-processing treatments [32], and the printed part
surface could be improved to reach Ra = 3.2 um [33]. The SR of the wax patterns in this study
was similar to the 0.8-2.4 um range reported in recent related studies [34, 35].

Table 9. SR value of a wax pattern made from the 3DP and 6061-Al molds

Wax pattern from
Positions 6061-Al mold 3DP mold
1t ond 3rd Arithmetic Stapdgrd 1t ond 31 Arithmetic Stapdgrd
average | deviation average | deviation
1 1.05 | 0.97 | 0.90 0.97 0.061 | 1.46 | 153 | 1.42 1.47 0.045
2 1.00 | 0.91 | 0.68 0.86 0.135 | 0.94| 1.00 | 0.86 0.93 0.057
3 0.82| 0.74 | 0.74 0.77 0.038 | 0.53 | 0.61 | 0.61 0.58 0.038
4 1.04| 1.16 | 1.05 1.08 0.054 | 124 | 13 | 1.42 1.32 0.075
5 135| 1.44 | 1.68 1.49 0.139 | 136 | 1.36 | 1.23 1.32 0.061
6 142 | 149 | 151 1.47 0.039 | 160 | 151 | 1.71 1.61 0.082
7 1.05| 0.84 | 0.76 0.88 0.122 | 0.79 | 0.88 | 0.75 0.81 0.054
8 06 | 0.64 | 0.64 0.63 0.019 | 1.00 | 0.98 | 0.90 0.96 0.043
9 0.65| 0.61 | 0.57 0.61 0.033 | 118 | 1.24 | 1.34 1.25 0.066
10 0.58 | 0.73 | 0.63 0.65 0.062 | 0.77 | 0.85 | 0.84 0.82 0.036
11 143 | 158 | 1.92 1.64 0.205 | 1.62 | 143 | 1.49 151 0.079
12 1.00 | 1.00 | 1.00 1.00 0.000 | 184 | 162 | 1.74 1.73 0.090

3.3. SURFACE ROUGHNESS OF THE CASTED PARTS

The casted parts fabricated using the 3DP-patterns and Al-patterns are referred to as
3DP-casted and Al-casted parts, respectively. Their SR was measured at various positions, as
shown in Figures 6a,b. During testing, the probe of the measurement device moved
horizontally across all positions. Compared to other recent studies, the SR of the cast parts
obtained in this research was much lower than that of metal castings made from ice patterns
and wax patterns [36—38]. The SR of the 3DP-casted parts was comparable to that of the Al-
casted parts at most positions (Fig. 6¢ and Table 10). The arithmetic average SR ranged from
2.26 um to 3.57 um for the 3DP-casted parts and 2.29 um to 3.85 um for the Al-casted parts.
At positions 1, 3, and 9, the SR of the two types of cast parts was similar. The highest SR was
located at position 8 for both types of cast parts. Despite the big differences in SR between
the two types of molds, the SR of the final cast parts was comparable. This result clearly
indicates that the lower quality in SR of the molds prepared by the 3DP technique could still
produce IC-casted parts with high-quality surface finish. This phenomenon was most likely
caused by the high surface tension of the molten metal, which hindered it from completely
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filling the micro slots in the printed mold surface during casting [26, 27, 39, 40]. Surprisingly,
the SR of the 3DP-casted parts obtained in this research was much lower than that of the metal
castings made from ice patterns and wax patterns in other recent studies [36-38], even
matching the quality of wax-coated parts [41].

6061-Al mold

[ 3DP mold

3.85
342 3.57
2.86 2.95
2.80 2.79 2.82 5 2.83
250 285 275 5. 2.76

|—] “ 2-29 2-26

1 2 3 4 5 6 7 8

Positions

a) b) c)

Fig. 6. The positions for measuring the SR of (a) Al-casted parts and (b) 3DP-casted parts. (c) The SR value
of the Al-casted parts and 3DP-casted parts. In plots (c), the error bars indicate the standard deviations (n = 3)

Table 10. The SR of casted parts

The SR of casted parts using
. 6061-Al mold 3DP mold
Positions
Arithmetic | Standard Arithmetic Standard
1 2 3 . 1 2 3 o
average | deviation average deviation
1 277 | 2.88 | 2.75 2.80 0.057 2.80 | 2.77 2.79 2.79 0.012
2 2.82 | 282|283 2.82 0.005 3.37 | 3.47 3.41 3.42 0.041
3 258 | 2.58 | 2.62 2.59 0.019 2.60 | 2.67 2.68 2.65 0.036
4 272 |1 271| 281 2.75 0.045 2.60 | 254 | 2.52 2.55 0.034
7 233|229 | 225 2.29 0.033 2.70 | 2.93 2.96 2.86 0.116
8 3.81|3.79 | 3.95 3.85 0.071 3.58 | 3.57 3.57 3.57 0.005
9 2.83| 2.8 | 2.85 2.83 0.021 2.78 | 2.75 2.76 2.76 0.012
10 2.96 | 294 | 2.94 2.95 0.009 2.27 | 2.26 2.26 2.26 0.005

4. CONCLUSIONS

This study evaluated the feasibility of applying 3DP technology in IC. Both 3DP and
6061-Al molds were first manufactured and then used to fabricate IC-wax patterns and IC-
casted parts. The SR of the fabricated molds, wax patterns, and cast parts were inspected at
various positions. For comparison, the SR was measured at the same locations for each type
of component, and the obtained arithmetic average values are as follows:

- The SR of the 6061-Al mold ranged from 0.05 pm to 0.45 um, while the 3DP mold
varied from 1.02 um to 2.83 pm.
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- The SR of the Al-wax patterns, made using the 6061-Al mold, ranged from 0.61 um
to 1.64 um. The SR of the 3DP-wax patterns produced from the 3DP mold was
0.60 ymto 1.73 pm.

- The SR of the Al-cast parts, manufactured using the Al-wax patterns, ranged from 2.29
um to 3.85 um. The SR of the 3DP-cast parts, made using the 3DP-wax patterns, varied
from 2.26 um to 3.57 pm.

The results indicate that even though the IC mold fabricated by the 3DP technique had

a higher SR than the mold made by conventional CNC machining, the final 1C-casted SKD61
products prepared using these molds had similar surface quality in terms of surface roughness.
These findings strongly support using 3DP technology in IC for small-batch production to
fabricate complex shapes, flexible designs, and thin-walled parts.
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