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INTRODUCTION 

Die manufacturing is believed to be the foun-
dation of all industries. It is considered a vital 
factor in the success of product development [1]. 
Manufacturing die plays a crucial role in numer-
ous industries by serving as a basis for producing 
high-quality components and products. The qual-
ity of dies directly influences the performance, 
durability, and overall reliability of the manu-
factured items [2]. Therefore, understanding the 
manufacturing processes that affect die quality 
is of paramount importance. The production of 
industrial goods requires manufacturing discrete 
components, which are then sub-assembled and 

assembled into finished products ready for sale. 
Dies and molds are used in production proce-
dures, including forging, stamping, casting, and 
injection molding, to create almost all mass-pro-
duced discrete parts [3]. Tooling for die casting, 
forging, injection molding, and sheet metal form-
ing applications is produced by the die and mold 
manufacturing sector [4]. 

The primary goal of today’s manufacturing 
sector is to produce low-cost, high-quality goods 
quickly [5]. A cost-effective solution is crucial 
in this modern and demanding industrial envi-
ronment together with the expected efficiency 
and quality of the final product [6]. Numerous 
industries, including automotive, aerospace, and 
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consumer products, depend heavily on die manu-
facture. The quality, cost, and time to market a 
product can all be greatly impacted by the selec-
tion of the manufacturing process. Traditional 
die manufacturing techniques, including electri-
cal discharge machining (EDM), and CNC ma-
chining, have served as the foundations of tool-
making. These subtractive methods, however, 
frequently have limited flexibility in responding 
to iterative design changes, expensive tooling ef-
forts, and lengthy lead times [7]. 

As a result, there is a growing trend toward 
sophisticated die development techniques that 
can handle high complexity without compromis-
ing accuracy and are quicker and more economi-
cal. In addition, techniques such as additive man-
ufacturing (AM) or rapid tooling (RT) are now 
considered reliable substitutes for traditional die 
making. With these methods, digital processes 
and material layering are used to quickly produce 
tooling directly from 3D designs. These tech-
nologies especially accelerate development and 
offer greater freedom in creating part shapes in 
smaller-scale manufacturing [4, 8]. When rapid 
prototyping (RP) methods are linked to down-
stream investment casting, they help to speed up 
the verification and tool validation process. For 
instance, one important integration is rapid in-
vestment casting (RIC), which benefits from the 
freedom of 3D printing as well as the accuracy 
of silicone molds for wax patterns in investment 
casting. The use of patterns made using fused de-
position modeling (FDM) is replacing traditional 
wax in the RIC process [9, 10]. 

Rapid tooling (RT) is the term for this type of 
RP tooling manufacturing [11], which can manage 
low-volume manufacturing (≤5 items) accurately, 
precisely, and economically. RT represents a mod-
ern manufacturing technique allowing RP prin-
ciples to directly produce tools with speed [12, 
13]. An increasing number of RT approaches tend 
to be grouped together. Indirect and direct tool-
ing are compared, as well as soft and hard tool-
ing. It is still feasible to categorize RT techniques 
according to practical characteristics rather than 
rigid standards [14]. In this classification, “casting 
patterns” are considered an indirect RT method, 
utilizing RP-generated sacrificial models in both 
investment and sand casting. The use of rapid pro-
totyping and rapid tooling techniques for creating 
master patterns leads to the formation of rapid 
investment casting (RIC) [15–17]. RIC refers to 
all situations where RP&T technology serves for 

IC production [18–21]. Due to the rapid produc-
tion of patterns without tooling, RIC has become 
a widely accepted method in the foundry industry. 
According to Wang et al. [23], developing and us-
ing 3D printing patterns in the investment casting 
process can reduce lead time by 89% and manu-
facturing cost by 60%, while Wang et al. and Shah 
[16, 22] reported that additive manufacturing inte-
grated investment casting and sand casting play a 
vital role to improve the capability of the foundry 
industry for various applications in 21st century. 
Cheah et al. [23] established several manufactur-
ing chains that use technologies from additive 
manufacturing (AM) in recognition of the diffi-
culties in IC to lower the lead time and cost. Di-
rect rapid investment casting (DRIC) and indirect 
rapid investment casting (IRIC) are the two main 
types of rapid investment casting (RIC), which 
are based on how the pattern was developed. The 
main way these categories distinguish the meth-
ods is by the method used to prepare the ceramic 
shell and produce the pattern [24] (Figure 1). 

Jiang et al. [25] discussed the procedure of 
deformation compensation and proposed a novel 
compensation model for the wax pattern die of a 
turbine blade. An efficient compensation model 
was created based on Taylor expansion to ad-
dress the lack of available compensation tech-
niques. Instead of section by section, the sug-
gested approach accounts for casting deforma-
tion in three dimensions. After adjustment, the 
deformation was reduced by almost 80–90%, 
demonstrating that the suggested approach can 
greatly minimize deformation. 

Particularly in RIC-based die production, alu-
minum is becoming the preferred material. Due 
to its advantageous qualities, including high heat 
conductivity, corrosion resistance, light weight, 
and ease of machining, it is an excellent choice 
for tooling applications requiring good dimen-
sional stability and moderate strength. Accord-
ing to Altinbalik and Mutlu [26], aluminum dies 
can be manufactured at 30–40% lower cost than 
steel dies, primarily because of reduced material 
expenses and faster processing times. This makes 
aluminum an attractive option for low-to-medi-
um production runs. Additionally, aluminum dies 
have found applications in injection molding, in-
vestment casting, low-pressure die casting, aero-
space, and the automotive sector, positioning alu-
minum as a viable alternative to steel in die and 
mold manufacturing [27]. As industries increas-
ingly prioritize cost reduction, sustainability, and 
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efficiency, the role of aluminum in mold manu-
facturing has expanded further [28]. Steel is typi-
cally used as the die material for long-term mass 
production (10–15 years), with traditional die 
manufacturing relying mainly on CNC machin-
ing and EDM. While suitable for high-volume 
markets, this approach becomes less economical-
ly viable in today’s rapidly changing environment 
where client needs constantly evolve. Although 
advancements have been made in rapid prototyp-
ing and tooling (RP&T) and investment casting, 
most previous research has focused on discrete 
elements such as pattern materials, ceramic shell 
properties, or casting parameters. Few studies 
have explored the use of rapid investment casting 
(RIC) for producing inexpensive aluminum dies.

The novelty of this research lies in develop-
ing and validating a framework for economic cost 
modeling tailored specifically for the rapid invest-
ment casting of aluminum dies. Unlike traditional 
tooling methods, this framework employs FDM-
based patterns, silicone molds, and RIC to create 
low-cost, short-lived dies suitable for small-scale 
or customized projects. Aluminum was chosen 
as the die material due to its affordability, recy-
clability, and compatibility with moderate tool-
ing requirements, offering a practical alternative 
to the costly and time-consuming process of steel 

tooling. This study aims to develop and demon-
strate a systematic approach for creating low-cost 
aluminum dies using RIC. The specific objec-
tives are: (i) to design and produce a die utilizing 
FDM-based rapid prototyping and RIC, account-
ing for dimensional allowances to compensate for 
shrinkage; (ii) to evaluate the die’s dimensional 
accuracy, surface finish, and functionality; (iii) 
to assess the economic viability of the proposed 
RIC framework compared to conventional die 
manufacturing methods; and (iv) to illustrate the 
framework’s practical application through a real-
world case study involving a commercial auto-
motive component (Mehran door handle).

PROPOSED RESEARCH FRAMEWORK 
FOR THE DEVELOPMENT OF LOW-COST 
DIES THROUGH RIC

A review of traditional and advanced die de-
velopment methods through machining, casting, 
and rapid prototyping processes leads to the pro-
posed hybrid strategy – rapid investment cast-
ing for aluminum die development, as shown in 
Figure 2. This method combines rapid invest-
ment casting technology with aluminum die fab-
rication. The innovative approach unites three 

Figure 1. Type of rapid investment casting along with timeline comparison [24]
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modern technological solutions: the integration 
of investment casting with fused deposition mod-
eling (FDM) and silicone mold generation from 
rapid tooling allows producers to precisely du-
plicate intricate shape details while achieving 
smooth surface finishes at budget-friendly prices 
and fast cycle times. Choosing aluminum for die 
production delivers optimal benefits by reducing 
weight and ensuring easy machinability along-
side sufficient power requirements for manufac-
turing small- to average-volume runs. This makes 
aluminum the preferred material for industries 
seeking efficiency in tooling applications. These 
three technologies work together to create flexi-
ble production systems with fast processing times 
and reduced costs, while maintaining precise part 
details and enabling quick market adaptations. 

The long-lasting, high-volume produc-
tion capabilities of steel-based traditional die 

manufacturing systems extend for 10–15 years; 
however, these approaches create challenges in 
industries requiring regular design updates. The 
aluminum-based rapid investment casting meth-
od provides producers with design flexibility 
through its ability to respond quickly to model 
alterations while eliminating time-consuming 
production delays. This approach functions op-
timally in situations involving customized pro-
duction volumes and dynamic product develop-
ment cycles. The manufacturing process sup-
ports sustainability through its use of recyclable 
materials and cost-efficient elements, along with 
its rapid prototyping capability, which shortens 
development timeframes. The resulting organi-
zational approach optimizes speed while simul-
taneously lowering expenses and enhancing ac-
curacy and system adaptability, making it suit-
able for modern demanding market conditions.

Figure 2. Sorting of processes for low-cost die development
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The proposed method: rapid investment cast-
ing for aluminum die development process con-
sists of five consecutive stages that integrate es-
sential quality control checkpoints throughout to 
achieve accurate and functional aluminum dies. 
A systematic visual diagram (Figure 3) illustrates 
the stages and quality control measures for the 
entire method, providing clear structured details 
about the whole process. In the first phase, the 
CAD designer creates the patterns by incorporat-
ing features such as cope and drag, alongside de-
tailed geometries. Quality technicians review the 
design at this stage to verify that it meets customer 
requirements. Conducting this quality inspection 
avoids costly future complications that may arise 
due to incomplete designs. The process continues 
after the design fulfills all necessary specifications. 

The design undergoes revisions until it meets re-
quired specifications for advancement. 

In the second phase 3D printing using FDM 
technology builds the die pattern through a layer-
by-layer process of slicing an STL file. A quality 
check monitors the printed part’s dimensions and 
surface quality, with a focus on detecting physical 
defects after completion. Before starting silicone 
mold development, the quality check at this stage 
confirms that the 3D-printed part has achieved the 
prescribed precision. Any part that does not meet 
the required standards necessitates adjustments to 
the printing parameters before repeating the print 
cycle. A validated 3D-printed pattern serves as 
the foundation for the silicone mold production 
process in the third stage. A quality inspection 
verifies both the dimensions and surface quality 

Figure 3. Systematic flow of rapid investment casting process
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of the mold. This inspection is crucial because 
any imperfections detected now will lead to func-
tional issues and finish degradation for both the 
wax pattern and the final casting. Production pro-
ceeds based on passing quality results from the 
mold inspection. The process continues only after 
the mold successfully meets the required specifi-
cations; however, manufacturing restarts if speci-
fications are not satisfied. 

Production of wax patterns occurs through sili-
cone mold and investment casting wax operations 
during stage four. Experts thoroughly check these 
patterns for standardized dimensions and uniform 
surface appearance since nonstandard elements 
could lead to casting faults. The final process of in-
vestment casting comprises various sub-steps, in-
cluding wax tree assembly, ceramic shell coating, 
dewaxing, and aluminum metal pouring, finishing 
the die with several quality checks. The efficient 
metal flow during pouring relies heavily on proper 
wax tree assembly, which influences the overall 
casting quality. The ceramic shell must be strong 
enough to withstand the metal pour, while the de-
waxing operation must achieve complete wax re-
moval to maintain mold quality. A proper under-
standing of aluminum melt temperatures during 
pouring is vital for precision in mold filling, while 
post-production operations that remove gates and 
sprues and perform surface finishing determine the 
final die product’s dimensions and finish. 

The final casting undergoes thorough quality 
examination before production resumes, followed 
by a root cause analysis to identify and address 
earlier-stage problems in cases of non-compliance. 
Different quality checks at each stage serve as es-
sential components that preserve process efficien-
cy while minimizing costs and delivering high-
quality end products. The process achieves better 
results because early problem detection facilitates 

immediate resolution, reducing rework costs and 
waste while maintaining dimensional precision. 
The characteristics of aluminum die material sup-
port low-weight performance while providing ex-
cellent machinability and suitable strength proper-
ties, allowing this methodology to meet the needs 
of industries requiring flexible product demands 
at low to medium production volumes. The pro-
cess enables high-speed manufacturing operations 
and flexible design adaptations that assist contem-
porary industries in rapidly creating personalized 
products at sustainable rates without compromis-
ing performance standards.

A systematic process framework detailing the 
crucial phases of RIC for aluminum dies supports 
the suggested model. The four main components 
of the RIC workflow are outlined in Table 1, which 
also highlights the tools utilized, process descrip-
tions, technical issues, and related literature. Every 
stage is designed to consider the mechanical and 
thermal properties of aluminum while preserving 
manufacturing speed and cost effectiveness.

VALIDATION OF PROPOSED RESEARCH 
FRAMEWORK

The structured methodology framework used 
in this study is presented in this section, along with 
a summary of the major actions conducted during 
the investigation. The investment casting tech-
nique based on rapid prototyping and tooling (RP 
and TIC) was used to create a die for the bench-
mark part carefully. This method allows complex 
shapes by combining traditional investment cast-
ing with modern prototyping methods. The pro-
cess is a systematic set of steps that begins with 
CAD modeling to design the benchmark part and 
proceed to rapid prototyping to generate the first 

Table 1. Process breakdown in RIC
Step Description Key considerations Tools Reference

Digital design
Create a digital model of the 
aluminum die pattern using 
design software.

Compensate for 2–3% shrinkage, 
validate tolerances (±0.2 mm), 
ensure printability.

Design software (e.g., 
SolidWorks) [29, 30]

Additive 
manufacturing (3D 
printing)

Produce a physical pattern 
using cost-effective 3D 
printing processes.

Use FDM with 0.2 mm layer height, 
15–20% infill; inspect for defects, 
target roughness < 5 µm.

3D printers (e.g., 
FDM), calipers, 
roughness testers

[31, 32]

Investment casting
Create the aluminum die 
through shell building, 
dewaxing, and pouring.

Use 4–6 shell layers, preheat to 
500 °C, pour at 700 °C, inspect 
defects with dye penetrant testing.

Basic furnace, pouring 
equipment, testing kits [33]

Final die preparation
Clean, inspect, and 
document the cast die for 
evaluation.

Clean manually, inspect 
dimensions (±0.2 mm), document 
minimally for traceability.

Calipers, basic CMM, 
documentation 
systems

[34]
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pattern. The wax part  is then created using this 
pattern in the silicone mold making process. The 
wax part is then assembled and covered in ceram-
ic material to create a strong ceramic mold. The 
ceramic shell must be dewaxed and fired before 
molten metal is poured into the ready-made mold. 
Following casting, the ceramic mold is removed 
to show the cast die, which is then finished to pro-
duce the appropriate level of accuracy and rough-
ness on the surface. Several tests were carried out 
to assess the quality and features of the die after 
the casting and finishing processes. A vernier cal-
iper was used to measure dimensional accuracy 
to make sure the finished product complied with 
design requirements. To assess the cast surface’s 
quality, surface roughness was determined as 
shown in Figure 4.

Experimental details

The automobiles door inner handle’s die is se-
lected as a benchmark part, employed in this case 
study to investigate the feasibility of employing 
patterns created as sacrificial investment casting 
patterns to produce metal castings rapidly. In the 
case of the Mehran car door inner handle, the die 
plays a pivotal role in shaping the final product. 

Extreme care of detail is necessary in the de-
sign and production of the die, considering ma-
terial qualities, geometry, and functionality. The 
accuracy of the die directly affects the fit, longev-
ity, and visual appeal of the injection-molded in-
ner handles, as well as their overall quality and 
consistency. Achieving optimal outcomes in die 
designing and manufacturing requires exact di-
mensional accuracy. Strategically, an allowance 
is incorporated into the design to account for the 
expected shrinkage that happens during various 
production processes, such as 3D printing, wax-
ing, and aluminum casting. To adequately ac-
count for this shrinkage, the die design typically 
adds a 3% (0.8% wax, 1.4% aluminum and 1% 
for 3D printing and silicone rubber molding) [35, 
36] margin across all dimensions. 

3D modeling 

Using SolidWorks CAD software, the die was 
designed as the initial step in the Rapid Invest-
ment Casting (RIC) process. The component’s 
geometry was first modeled, and the die halves—
cope and drag—were extracted. The design in-
cluded a 3% dimensional allowance to account 
for shrinkage, just the die’s cavity portion was 

created and 3D printed for first examination to 
verify this modification. As shown in Figure 5, 
the entire die assembly (cope and drag) was com-
pleted in SolidWorks after the dimensional accu-
racy was verified using the imposed allowance. 
As seen in Figure 5, the entire die assembly (cope 
and drag) was completed in SolidWorks after the 
dimensional accuracy was verified using the pre-
scribed allowance.

FDM 3D printing

The RP method used in the development of 
master pattern of die is FDM 3D printing method. 
Materials used in the RP method offer diverse 
properties, requirements, temperature, cost, and 
weight. In the FDM technique, polyamide (PA), 
polylactide (PLA), polycarbonate (PC), tough 
polylactide (tough PLA), polyethylene terephthal-
ate) glycol (PETG), acrylonitrile butadiene sty-
rene (ABS) and its copolymers are the most often 
used thermoplastic materials to make 3D objects. 
Based on literature review the material selected 
for the development of master pattern of die is 
PLA filament. The 3D printing condition used in 
this case study to 3D print the master patterns are 
listed Table 2. According to widely published val-
ues and equipment recommendations for FDM-
printed pattern, the 3D printing conditions shown 
in Table 2 were chosen. An ideal compromise be-
tween accuracy and time efficiency was achieved 
with a print speed of 50 mm/s and a layer height 
of 0.2 mm. A 25% infill density further decreased 
material consumption without sacrificing pattern 
stability. A 15% infill overlap enhanced the bond-
ing between neighboring layers, while shell and 
top/bottom thicknesses were selected to guaran-
tee wall integrity and surface closure. These set-
tings are consistent with previous research on in-
vestment casting using FDM [37–39].

Silicone mold fabrication

After 3D printing the next step is to develop 
the silicone rubber mold. In this case study, the 
three main steps were used in the precise process 
of making silicone molds. (i) To guarantee the 
best possible surface quality, the master pattern 
was first carefully prepared. This included careful 
cleaning and testing. To make pattern removal af-
ter molding easier, a mold release agent was also 
carefully applied. (ii) The mold was then sealed 
in place by carefully assembling mold frames 
around it. At the top of the mold frame, a central 
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pouring hole was purposefully placed to help with 
the waxing process and to make pouring wax eas-
ier. To make the procedure of waxing even eas-
ier, four bleeding holes were placed at different 

locations. (iii) Lastly, silicone RTV rubber was 
precisely combined with binder liquid (hardener) 
at a weight ratio of 100:3 and then poured into 
each mold frame to completely cover the design. 

Figure 4. Experimental framework



112

Advances in Science and Technology Research Journal 2025, 19(10), 104–120

Before curing, the silicone mixture was degassed 
to remove air bubbles. After curing, the cope and 
drag of molds were exposed when the mold cas-
ings were carefully disassembled. Proper mix-
ing of hardener and rubber is very important in 
the development of silicone rubber mold. Curing 
time is also critical in this step. This silicone run-
ner mold is normally used for customized pattern 
production not for mass production.

Investment casting

In this research four steps are involved in pre-
paring the dies through investment casting. First, 
molds that had already been prepared with RTV 
silicone rubber were filled with wax to create wax 
patterns of die. These wax patterns were assem-
bled in a tree shape, including the riser, runner, 
ingates, pouring cup and sprue, forming a wax 
tree. Second, ceramic shells were made by re-
peatedly applying ceramic coatings over the wax 
tree. The ceramic shell mold was made through a 
multi-step process involving dipping, stuccoing, 

and drying. First, the wax tree was immersed in a 
primary slurry composed of zircon and then coat-
ed with zircon sand that was finer than 100 mesh. 
This dipping and stuccoing cycle was repeated 
three times, with each layer drying for 12 hours, 
totaling 36 hours for the primary coat. Next, sec-
ondary coatings were applied using fused silica 
sand ranging from 30 to 80 mesh, with two coats 
each drying for 6 hours, adding up to 12 hours. 
To increase mechanical strength, three additional 
backup layers were added using coarser fused sil-
ica sand (16–30 mesh), with each layer drying for 
6 hours, totaling 18 hours. Finally, a sealing dip 
was performed as the last coat in slurry without 
stuccoing, requiring 12 hours to dry. Overall, nine 
layers were applied, resulting in approximately 
78 hours of drying time and creating a ceramic 
shell with sufficient thickness and strength for 
aluminum casting. A detailed outline of the ce-
ramic coating process is shown in Table 3. 

After ceramic coating the ceramic mold was 
de-waxed at 250 °C in electric furnace to remove 
the wax from the ceramic mold and make the 
mold hollow. De-waxing is one of most impor-
tant step of investment casting uncontrolled de-
waxing lead to the breaking of ceramic mold. The 
mold was baked at 750 °C for 10 hours to fully re-
move any remaining wax and moisture. Simulta-
neously, the aluminum alloy LM30 was melted in 
electric furnace 2 at 750 °C. The molten alloy was 
then poured into the de-waxed shell mold, and af-
ter cooling the ceramic shell was removed from 
the casting. Finally, cope and drag were cut from 
the casting tree and further finishing operations 

Figure 5. Final 3D model of case study with extracted cope and drag 

Table 2. 3D printing conditions
Parameter Value

Print speed 50 mm/s

Infill density 25%

Infill speed 80 mm/s

Layer height 0.2 mm

Shell thickness 0.8 mm

Top/bottom thickness 0.6 mm

Infill overlap 15%

Table 3. Chemical composition of LM30
Element Al Si Mg Fe Cu Mn Ni Zn Cr Ti

wt.% 80.35 9.64 0.12 1.26 2.43 0.06 0.15 5.92 0.03 0.04
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were performed to achieve the final appearance. 
The chemical composition of the LM30 used in 
this study is listed in Table 4.

Results and analysis

This section outlines the findings from the die 
testing, assessment of dimensional accuracy, and 
evaluation of surface quality for the aluminum die 
created through rapid investment casting. The die 
underwent testing on an injection molding machine 
using PP to verify its functionality and performance. 
A dimensional analysis was performed at every 
stage of the process, from the CAD design to the 
final cast die and the injected part, to evaluate ac-
curacy and deviations. Furthermore, surface rough-
ness measurements were conducted for both the 
cast die and the PP component to assess quality of 
replication and finish. The results validate the die’s 
capability in producing plastic components that are 
both dimensionally precise and of high quality.

Die testing on injection molding machine

The aluminum die developed through rapid 
investment casting was evaluated on a standard 
injection molding machine to assess its effective-
ness in manufacturing the Mehran car door han-
dle. PP was chosen as the molding material due to 
its excellent flow characteristics and dimensional 
stability. The die was firmly secured, and the ma-
chine was operated using the following optimized 

settings: a melt temperature of 220 °C, an injec-
tion pressure ranging from 100 to 120 MPa, a 
holding time of 8 seconds, and a cooling duration 
of 15 seconds. Molten PP was injected into the 
die cavity and allowed to solidify before being 
ejected. The die showed outstanding structural 
integrity with no evidence of flashing, leakage, 
or dimensional distortion. The final PP compo-
nent displayed superior surface quality and di-
mensional precision, validating the functional 
adequacy of the cast aluminum die for producing 
plastic parts via injection molding. Figure 6 de-
picts the setup of the injection molding machine 
and the successfully molded PP door handle part.

Dimensional accuracy

Dimensional accuracy was assessed to evalu-
ate deviations in key features at each stage of die 
fabrication. Precision measuring tools such as 
digital vernier calipers, outside micrometers, and 
depth gauges were used to record the dimensional 
values of each feature at various points. The as-
sessment focused on 14 critical geometrical fea-
tures, measured across five stages: the original 
CAD model (baseline), the 3D printed die, the 
wax die, the cast LM30 die, and the final injec-
tion-molded PP (polypropylene) part. The record-
ed values and absolute deviations between stages 
are listed in Table 5, with their progression shown 
graphically in Figure 7 and Figure 8 respectively. 

Table 4. Ceramic coating
Coating Slurry Material Coats Mesh size Drying time/coat (hour) Total drying time (hour)

Primary Yes Zircon sand 3 <100 12 36

Secondary Yes Fused silica sand 2 30:80 6 12

Backup Yes Fused silica sand 3 16:30 6 18

Final Dip Yes Slurry 1 - 12 12

Figure 6. (A) Injection molding setup, (B) Injected part
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Among the features evaluated, the handle 
length consistently decreased from 92.2 mm 
(CAD) to 90.2 mm (PP part), with the largest 
single reduction of 0.75 mm occurring between 
the 3D printed pattern and the wax die, followed 
by a 0.64 mm decrease from the cast die to the 
molded part. The handle width decreased overall 
from 36.5 mm to 35.2 mm, with a notable ini-
tial deviation of 0.5 mm during 3D printing. The 
width at the end of the handle showed minor fluc-
tuations, indicating greater dimensional stability 
in that area. The lengths of the mounting pin 

features showed significant variation. The small 
mounting pin length drastically decreased from 
6.02 mm (3D printed die) to 1.9 mm (wax pat-
tern), with a deviation of 4.12 mm, then further 
dropped to 1.75 mm in the final PP part. Similar-
ly, the large mounting pin length experienced the 
greatest deviation among all features, dropping 
from 10 mm to just 3 mm, with a notable 5.79 
mm reduction during the wax stage. These ma-
jor declines are likely due to wax shrinkage and 
mold deformation, especially in slender, elon-
gated shapes. In contrast, some features like the 

Table 5. Dimensional values and absolute deviation of die at each stages

Code with Feature
Dimensions (mm) Absolute deviation (mm)

CAD (A) 3D print die 
(B)

Wax die 
(C)

Cast die 
(D)

PP part 
(E) A-B B-C C-D D-E

1- Handle length 92.2 91.85 91.1 90.84 90.2 0.35 0.75 0.26 0.64

2-Handle width overall 36.5 36 35.77 35.66 35.2 0.5 0.23 0.11 0.46

3-Handle width at the end 8.68 8.82 8.88 8.65 8.5 0.14 0.06 0.23 0.15

4-Mounting pin dia (small) 3.57 3.2 3.2 3.29 3.25 0.37 0 0.09 0.04

5-Mounting pin length(small) 5.91 6.02 1.9 1.8 1.75 0.11 4.12 0.1 0.05

6-Mounting pin dia (large) 4.95 4.35 4.34 4.67 4.6 0.6 0.01 0.33 0.07

7-Mounting pin length (large) 9.92 10 4.21 3.12 3 0.08 5.79 1.09 0.12

8-Circle along larger pin 9.12 9.1 9.09 9.04 8.95 0.02 0.01 0.05 0.09

9-Front length along large pin 11.65 11.65 11.65 11.65 11.6 0 0 0 0.05
10-Front length along small 
pin 8.8 8.7 8.7 8.6 8.5 0.1 0 0.1 0.1

11-Handle depth along small 
pin 6 5.87 5.55 5.55 5.5 0.13 0.32 0 0.05

12-Depth along upper slope 3.45 3.45 3.44 3.44 3.4 0 0.01 0 0.04

13-Small slope length 1 7.14 6.99 6.96 6.3 6.1 0.15 0.03 0.66 0.2

14-Small slope length 2 7.4 7.23 7.2 7.15 7 0.17 0.03 0.05 0.15

Figure 7. Dimensional value graphically
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circle diameter along the large pin, front lengths, 
and upper slope depth maintained good dimen-
sional consistency, with minimal cumulative de-
viations (within ±0.1 mm to ±0.2 mm). However, 
sloped features such as small slope length 1 saw 
a significant decrease, particularly during cast-
ing, where a 0.66 mm reduction was recorded 
– probably caused by angular mold erosion or 
material pullback. The small and large mounting 
pin lengths, handle length, and small slope length 
1 showed the largest deviations. These areas are 
more prone to distortion because of their nar-
row shapes, vertical orientation, and sensitivity 
to geometric changes during wax cooling, shell 
burnout, and metal solidification. Careful control 
of process parameters, shrinkage allowances, 
and mold design are crucial for improving di-
mensional accuracy in rapid investment casting. 

A one-way ANOVA was conducted to evalu-
ate the dimensional variations across four stages: 
CAD–3D printed die, 3D printed die–wax die, 
wax die–casting die, and casting die–PP part. 
The results (F = 1.60, p = 0.200) indicated that 
differences in mean deviations were not statis-
tically significant at the 95% confidence level 
(see Table 6). The coefficient of determination 
(R² = 8.46%) showed that only a small portion 
of the variation in deviations was related to the 
process stage. Nonetheless, the mean devia-
tions revealed that the 3D printed die–wax die 
stage had the highest average deviation (0.811 ± 
1.798 mm), while the cast die–PP part stage had 
the lowest (0.158 ± 0.177 mm). Although these 
differences were not statistically significant, the 
wax stage consistently presented the largest de-
viations, aligning with practical observations of 
wax shrinkage and mold distortion. 

Figure 8. Absolute deviation at each stage (A) CAD -3D Printing die, (B) 3D Printing die- Wax die, (C), 
Wax die- Casting die, (D) Casting die to PP part

Table 6. One-way anova statistical results
Factor N Mean StDev 95% CI

CAD- 3D printed die 14 0.1943 0.1876 (-0.2996, 0.6881)

3D printed die-wax die 14 0.811 1.798 (0.318, 1.305)

Wax die-casting die 14 0.2193 0.3070 (-0.2746, 0.7131)

Cast die-PP part 14 0.1579 0.1766 (-0.3360, 0.6517)
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Surface roughness

The Mitutoyo SJ-410 surface roughness tes-
ter was used to measure the surface roughness 
of the cast die. This device operates based on 
stylus profilometry, with a measurement range 
up to 160 µm and a resolution of 0.01 µm [35]. 
Before measurements, the device was calibrated 
using the reference specimen provided by the 
manufacturer to ensure accuracy. Surface rough-
ness (Ra) was measured at three points on each 
feature, and the average was calculated. The tol-
erance limit was set at ±1.0 µm, in accordance 
with standards for casting surface finish evalu-
ation. The process for measurement consisted 
of several steps: (i) preparing the surface; (ii) 
positioning the probe so that it’s perpendicular 

to the surface; (iii) calibrating the device; (iv) 
configuring the setup; (v) traversing the probe 
along the feature; (vi) gathering data; and (vii) 
analyzing the results. Figure 9, and Table 7 out-
lines a comparison of the surface roughness met-
rics of the cast aluminum die and the injected 
PP part against the reference standard value of 
3.2 µm [40]. Surface roughness was measured 
on the casted die without machining and the PP 
part injected from injection molding. 

Most of the measurements from the cast die 
either within or slightly exceed this standard. Fea-
tures like the handle width at the end (4.00 µm) 
and handle depth along the small pin (3.60 µm) 
exhibited increased roughness due to their intri-
cate geometries and limited flow control dur-
ing the casting process. In contrast, smoother 

Table 7. Surface roughness comparison
Code Feature Standard value (µm) Cast die (µm) PP part (µm)

1 Handle length 3.2 3.25 2.46

2 Handle width overall 3.2 3.4 2.28

3 Handle width at the end 3.2 4 1.48

4 Mounting pin dia (small) 3.2 3.1 1.44

5 Mounting pin dia (large) 3.2 3.2 1.44

6 Front length along large pin 3.2 3.3 1.6

7 Front length along small pin 3.2 2.9 1.88

8 Handle depth along small pin 3.2 3.6 1.76

9 Depth along upper slope 3.2 3.15 1.58

10 Small slope length 1 3.2 3.45 2

11 Small slope length 2 3.2 3 1.38

Figure 9. Surface roughness comparison
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areas such as the front length along the small pin 
(2.90 µm) and small slope length 2 (3.00 µm) re-
flect improved replication of the mold surface and 
consistent shell formation. The injected PP part, 
created using the aluminum die, demonstrated 
notably lower surface roughness across all fea-
tures, ranging from 1.38 µm to 2.46 µm. This en-
hancement is linked to the high-pressure injection 
molding technique and the beneficial flow charac-
teristics of polypropylene, which facilitate precise 
replication of the texture from the die’s surface. 
Cast die produced surface finishes approaching 
the industry standard, the final PP part revealed a 

significantly enhanced surface quality, confirming 
the success of this hybrid manufacturing method 
for both functional and aesthetic components.

Time and cost analysis

To evaluate the time and production cost sav-
ings of pattern fabrication using silicone rubber 
molds compared to traditional metal molds, lead-
time and cost comparison studies were conduct-
ed and summarized in Tables 8. The lead-time 
required to create a sacrificial pattern with sili-
cone rubber molding offers several advantages. 
Overall lead-time is reduced from 7 weeks (for 

Table 8. Lead-time and cost comparison of rubber and steel molds for pattern preparation
Silicone rubber mold Time Conventional steel mold Time

CAD design of die 1 week CAD design of die 1 week

Die development 2 days Die development 6 weeks

Total time 1.2 week 7 weeks

Silicone rubber mold Cost Conventional steel mold Cost

Cost of master pattern $18 Mold production $720

Cost of silicone rubber material $26 Maximum replicates >50000

Maximum replicates 40–50

Total cost $44 $720

Table 9. Time and cost comparison of mold manufacturing using RIC and machining process
Time analysis

Rapid investment casting Time CNC/EDM Time

CAD design of die 1 week CAD design of die 1 week

Die development 2 weeks Die development 6 weeks

Total time 3 weeks Total time 7 weeks

Cost analysis

Rapid investment casting Cost CNC/EDM Cost

Die development $180 Die development $720*

Maximum replicates Up to 5000 Maximum replicates >50000

Figure 10. Cost comparison of the die development process
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traditional metal molds) to just 1.2 week using a 
silicone rubber mold, resulting in a total savings 
of about 5.8 weeks. In addition to time, silicone 
rubber molds can also lead to significant cost sav-
ings. The production of silicone rubber molds 
costs only $44, while traditional metal molds cost 
$720. This indicates a 93% decrease in costs. Al-
though metal molds allow for larger production 
volumes, silicone rubber molds remain affordable 
for small-scale production of wax patterns, mak-
ing them an appealing alternative for prototyping.

To evaluate the effectiveness of die develop-
ment using rapid investment casting in compari-
son to CNC and EDM machining processes, a 
thorough analysis of lead-times and manufactur-
ing costs was performed (Table 9). According 
to the lead-time comparison, rapid investment 
casting significantly reduces the time required 
for die development. This method takes approxi-
mately 3 weeks to complete the die, while CNC 
and EDM machining processes take around 7 
weeks. Rapid prototyping and tooling are the 
primary factors contributing to these substantial 
time saving of over 4 weeks, as they expedite the 
mold development process. The cost compari-
son shows that rapid investment casting leads 
to significant cost reductions as graphically rep-
resented in Figure 10. Rapid investment casting 
costs only $180, whereas die manufacturing us-
ing CNC and EDM machining costs $720. These 
savings are due to lower expenses for pattern 
creation, ceramic coating, and the melting and 
pouring procedures. Additionally, the aluminum 
dies produced through rapid investment casting 
allow for customized part dies, unlike traditional 
steel dies, which are better suited for larger pro-
duction volumes exceeding 50,000 copies. Since 
rapid investment casting is approximately 75% 
less expensive than conventional machining for 
low- to medium-production volumes, it is a more 
economical option for smaller-scale production 
needs, according to the analysis.

CONCLUSIONS

This study presents and validates a structured 
framework for the development of low-cost alu-
minum dies using the RIC process, offering a 
viable alternative to conventional die manufac-
turing methods for low- to medium-volume and 
customized applications. Grounded in a compre-
hensive review of peer-reviewed publications and 

demonstrated through a real-world case study, the 
framework emphasizes the advantages of RIC—
such as reduced tooling cost, faster production 
cycles, and the ability to accommodate complex 
geometries. The developed die, produced from 
LM30 aluminum and tested with PP for an au-
tomotive door handle, achieved a surface rough-
ness close to the industry standard of 3.2 µm. The 
molded PP parts exhibited an improved surface 
finish, validating the process’s effectiveness in 
maintaining surface quality. Dimensional analy-
sis revealed that certain features—such as the 
circle diameter along the large pin, front lengths, 
and upper slope depth—maintained strong con-
sistency with minimal cumulative deviations 
(within ±0.1 mm to ±0.2 mm). In contrast, more 
complex or slender features like the small and 
large mounting pin lengths, handle length, and 
particularly small slope length 1 showed notable 
dimensional deviations. A 0.66 mm reduction in 
small slope length 1 was observed, most likely 
due to angular mold erosion or material pullback 
during casting. These areas are more susceptible 
to distortion due to their narrow shapes, vertical 
orientations, and sensitivity to geometric chang-
es during wax cooling, shell burnout, and metal 
solidification. Statistical analysis using one-way 
ANOVA validated consistent dimensional accu-
racy across various features of the die against dif-
ferent process stages. Economic considerations 
reveal substantial savings, reducing production 
time from approximately 7 weeks to 3 weeks 
and cutting costs from $720 to $180. These find-
ings underscore the importance of careful control 
over process parameters, die design, and shrink-
age allowances to enhance dimensional accuracy 
in RIC. Overall, the validated framework dem-
onstrates that RIC is not only technically feasible 
but also a cost-effective and flexible approach for 
producing customized aluminum dies with ac-
ceptable precision and quality.
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