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Abstract— RIC i.e. Rapid investment casting is a
manufacturing process that uses Additive Manufacturing (AM)
technologies to create master patterns. Common techniques for
producing wax and non-wax patterns contain FDM (Fused
Deposition Modeling), ink-jet rapid prototyping, and
Stereolithography (SLA). The characteristic of RIC products is
influenced by the abilities and inabilities of each AM technology
and the materials used. In addition to pattern materials like
wayx, thermoplastic, ice, and photopolymer, this paper evaluates
the benefits and drawbacks of FDM, MMII (Model Maker II),
SLA, and RFP (Rapid Freeze Prototyping). The evaluation
indicates that SLA yields the highest quality patterns, while
FDM (Fused Deposition Modeling) is the most economical
option. Additionally, new challenges in materials, including how
ice patterns develop, have been identified and require further
research. Additionally, the paper reviews recent models for the
investment casting process's numerical simulations, noting that
most studies focus on estimating the time needed for
solidification, hot spots, areas of hot tearing, and macro and
micro porosities

Keywords— RIC (Rapid investment casting); solidification
simulation; stereolithography (SLA); additive manufacturing
(AM); fused deposition modeling(FDM)

I. INTRODUCTION

IC (Investment casting) is a widely recognized manufacturing
method for producing intricate metal components that are
high quality and close to net shape. It is employed in the mass
production of complex geometrical products. IC has a broad
range of applications across various industries, including
aerospace, automotive, firearms, power generation, energy,
military, oil and gas, food, and custom commercial
needs.(1,2).

IC is commonly referred to as lost-wax casting because wax
patterns are eliminated from the ceramic shell at the time of
heating process (de-waxing). Traditionally, the patterns of
wax are made by pouring molten wax into metal molds
created with hard tooling, which is time-consuming as well
as costly for small-scale production. Moreover, the design
flexibility for gating systems and sprues are restricted for the
challenges of the tooling process. However, this problem has
been addressed by the AM-assisted IC process.

AM technologies enable the creation of parts layer by layer
using various materials, including plastic, metal, ceramics,
and biomaterials, through different methods. AM offers
advantages over traditional manufacturing processes, such as
greater design flexibility, minimized material waste, and
lower tooling costs. (3,4).
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Therefore, AM enhances traditional manufacturing methods
like sand casting and IC (investment casting). The AM-
assisted IC process is referred to as RIC (rapid investment
casting) because it allows for rapid casting pattern
prototyping. In the conventional IC process, producing wax
patterns can cost between $1,415 and $70,752, and creating
metal instruments for injecting wax can take anywhere from
2 to 16 weeks, significantly extending the overall lead time
of the IC process.(5) RIC can decrease production costs and
lead time by 60% and 89%, respectively, in comparison to the
traditional IC process. (5,6). A comparison of Rapid Injection
Casting (RIC) and traditional Injection Casting (IC) for
aluminum showed that using AM technology significantly
reduces the need for expensive tools, energy, and time. It also
drastically cuts production costs. It reduce the energy
consumption, , production time carbon emissions and
processing cost by 70%, 19% 71%, and 93%, respectively by
eliminating necessity of lead and hard tooling. (7).

These improvements stem not only from efficient printing of
pattern geometry but also from the ability to optimize the
casting system. Reducing material waste can be achieved by
improving casting systems and the overall cast geometry
(8,9). These benefits of RIC expand its use in areas such as
medical implants (particularly in dentistry), jewelry
manufacturing, the automotive & aerospace sectors (1).
There are two methods for applying AM (additive
manufacturing) in RIC (Rapid investment casting): indirect
and direct. In the direct approach, the pattern is printed in 3D
itself, while in the indirect method, printing in 3D is used to
create a wax pattern for casting (10). For producing complex
geometries when internal cavities are there, over the indirect
method, the direct AM approach is preferred, as the latter
carries a risk of mold damage during pattern production (11).
An experimental study was performed to make comparison
the direct and indirect uses of AM (additive manufacturing)
in RIC with conventional IC, focusing on lead time and cost.
The study utilized MM-II (Model Maker II) for printing and
aluminum as the casting material (12). Conclusions of their
outcomes is in Table 1

RIC (Direct) RIC (Indirect) IC (Conventional)
Method of Printed molds are Molds crgated by
. The Pattern . hard tooling are
producing S used to fabricate
is printed used to create the
patterns the pattern.
pattern.
Lead time 4-5 days 12-13 days 9 weeks
Total cost $300 $500 $4000
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TABLE 1. COMPARISON OF CONVENTIONAL IC WITH INDIRECT AND DIRECT
AM APPROACHES IN RIC.

The material requirements vary based regarding the printing
techniques, making RIC a complex process that depends on
additional factors than conventional IC parts. It reviews
studies to assess the benefits and drawbacks of Different 3D
printing methods and materials are employed in the direct
pattern production process for RIC.

1I. AM TECHNOLOGIES USED IN RIC

Additive manufacturing process employed in RIC use
powdered or sometimes liquid raw materials for printing.
These include FDM (Fused Deposition Modeling), MM 11
(Model Maker II), SLA (Stereolithography), 3DP (Three-
Dimensional Printing), SLS (Selective Laser Sintering), and
Thermolet (12).

A. SLA

The use of 3D printing technologies in the IC process
began in 1989. SLA (Stereolithography) was the first AM
technique used in IC, developed in 1986. Since then,
numerous research studies have focused on the application of
SLA-produced patterns in RIC(13-14). SLA-fabricated
patterns exhibit a good surface finish, but their designs are
only suitable for certain geometries. Nonreactive volatile
diluents can be added to the resin to solve the problem of
considerable thermal expansion, which can cause shell cracks.
(14). The suggested method shows significant improvements
in the shell and a substantial reduction in both material usage
and printing time in SLA. A paper examined the application
of Stereolithography in RIC. It isfound that three factors
contribute to ceramic shell cracking: the glass transition
temperature of the resins, the inner lattice geometry, and the
shell thickness (15). A new technique for constructing the
geometry of the inner lattice of SLA patterns permits the
structure of the epoxy resin to crumble during the autoclaving
process, prior to dewaxing. This approach helps prevent the
formation of fractures in the ceramic shell (16). All the studies
referenced utilized epoxy resin instead of wax-like materials
for pattern printing and suggested methods to prevent shell
cracking. However, it’s important to note that SLA can also
print using waxes and paraffins. To maximize the advantages
of Stereolithography pattern production for RIC (resin
investment casting), it’s essential to develop a QuickCast
trade-off model that considers the casting objectives, ceramic
slurry components, and geometry.

B. FDM

Technology for FDM printing involves the extrusion of
heated using plastic filament to produce an object. Various
materials are utilized in the FDM process, including
polycarbonates, ABS (acrylonitrile butadiene styrene), PLA
(polylactic acid), PVC (polyvinyl chloride), and wax (17). A
research on the use of Patterns printed using FDM indicates
that acrylonitrile butadiene styrene is particularly acceptable
for direct RIC (resin investment casting) because of its
excellent surface quality, elimination of the requirement for
hard tooling, and reduced cost and time in the process. While
it's recognized that FDM has lower dimensional accuracy In
contrast to alternative 3D printing techniques, because of the
thicker layer resulting from the nozzle of the extruder
diameter, it remains a more affordable and accessible option
in the market. As a result, numerous studies focus on
enhancing the surface finish and accuracy of FDM pattern
dimensions (11). To achieve a good surface finish, it is
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essential to carefully select the post-processing methods and
process parameters based on geometry of the part and the
material (18).

Researchers have reported acceptable dimensional
accuracy and surface roughness for castings, with deviations
of 1.260 mm and 1.906 pm (Ra), respectively. Singh (19) also
examined similar properties of medical implants
manufactured through CVS (chemical vapor smoothing) of
FDM (Fused Deposition Modeling) patterns. The case study
results indicated that the application of chemical vapor
smoothing (CVS) greatly enhances surface roughness.
Additionally, Singh et al.(20) examined how vapor smoothing
(VS) affects the accuracy of the casting's dimensions. They
discovered that vapor smoothing (VS) enhances the pattern's
surface quality in two cycles without compromising casting's
dimensional accuracy. A comprehensive study of FDM-
printed part optimization highlighted current trends in
research, including vacuum-assisted FDM printing. The
printing chamber's vacuum facilitates slow cooling of the
component, which improves bonding between layers and
overall surface quality (21).

Dimensional accuracy in the 3D printing process is
primarily influenced by the thickness of the layer. Many FDM
3D printers that are sold commercially offer layer thicknesses
ranging from 0.127 to 0.254 mm. While reducing layer
thickness can lead to smoother surfaces, it may also result in
reduction in both length and width of the printed part. Harun
et al.(22) studied the accuracy of the dimensions, distortion
and surface roughness of both solid and hollow ABS (P400)
patterns produced by FDM. It was determined that the
building technique (solid versus hollow structures) doesn’t
impact surface roughness; however, the accuracy of the
dimensions is superior in hollow structures. An analysis of
patterns made of wax with the similar geometry revealed that
patterns made of wax undergo greater distortion compared to
those printed with ABS (23). A case study examining the
manufacturing of functionally graded dental crowns through
investment casting, as a master pattern for silicon molding, an
ABS pattern was used.. The FDM-printed ABS patterns
exhibited excellent attributes of the surface and were selected
for their affordability and sufficient accuracy for replicating
the silicon molds (24).

Moreover, FDM printers can print items using wax
filaments. Pranjal (25) utilized MOLDLAY filament that
resembles wax to produce topology-optimized engine bracket
patterns via FDM. Their study compared these results with
those obtained using conventional investment casting (IC)
technology. The production cost for the RIC bracket was
$100, with duration of two weeks, while traditional IC
required forty to fifty weeks and cost near about $40,000 for
the similar bracket. The study identified several limitations
associated with RIC technology. The gradual solidification
time of wax-like filaments extends the duration in FDM
printing. As a result, RIC (Rapid investment casting), using
printed wax-like patterns is only cost- and time-effective
within a limited production volume range. Furthermore,
FDM-printed wax patterns do not match the accuracy of the
dimensions, uniformity of geometry, and surface roughness of
traditionally injection-molded wax patterns. So, enhancing the
properties of wax pattern that is extruded and creating cutting-
edge wax filaments with enhanced solidification times
remains a key area for future research. Same findings were
proposed by Chua et al. (12).
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C. RFP

A comparatively recent technological advancements
developed in the early 2000s, called (rapid freeze
prototyping) RFP, utilizes ice to create prototypes. The RFP
technology can be enhanced through the use of selective
water deposition method, along with methods for drop-on-
demand and continuous water deposition (26, 27). The the
environment for printing is maintained at a temperature
below the freezing point of water. Water is deposited onto a
previously solidified layer of ice to generate the object. Liu
(26) investigated the use of RFP (rapid freeze prototyping) in
RIC (rapid investment casting) and discovered that the freeze
cast method outperformed the lost-wax process regarding
surface quality, the accuracy of the dimensions, and defects
in the cast parts. Castings created with ice patterns achieved
a tolerance of 0.69 mm, 2.07 pum (Ra) of average surface
roughness, and had 2 defects. In contrast, castings produced
with wax patterns exhibited a tolerance of 1.96 mm, 2.89 um
(Ra) of surface roughness, and 6 defects. The superior
performance of the freeze cast process, which utilizes RFP
for pattern production, makes it well-suited for
manufacturing dental crowns, where high dimensional
accuracy is essential (28). While this technology has
demonstrated its practicality, there is a gap in research
regarding how slurry content interacts using the pattern of ice,
which could significantly impact quality of casting. The main
drawback of this method is the expense associated with the
freezing environment, so further studies should focus on
assessing the cost and time efficiency of this process in
comparison to traditional lost-wax methods.

D. Technology for ink-jet printing

Another AM technology that uses the ink-jet printing
method is called MMII (Model Maker II) (12). The object is
constructed in MMII (Model Maker IT) by wax (the support
material) and ink-jetting thermoplastic (the built material).
Chua et al. (12) compared MMIl-assisted RIC with
traditional IC for aluminum castings and found that the
MMII-assisted RIC method produced castings in just 4-5
days at a cost of $300, whereas the conventional method took
nine weeks & cost $10,000 for the similar product. MMII
(Model Maker II) patterns had an average surface roughness
of 0.59 um Ra, while the castings made from these patterns
had 5.7 uym Ra surface roughnesses, which is under the
acceptable range for conventional IC, in between 3 and 6 pm
Ra. The research also examined the indirect RIC (rapid
investment casting) using MMII and observed that for
production purposes involving 1 to 5 parts, utilizing MMII
(Model Maker II) in direct RIC (rapid investment casting) is
economically beneficial. However, for larger production
runs, the indirect method with MMII-assisted RIC is more
cost-effective.

Table 2 compares the benefits and drawbacks of the AM
technologies utilized in RIC.

AM
technology Benefits Drawbacks Reference

+ accurate .
dimensions and a - Epoxy resins

SLA cause the shell to | [15-16]
smooth surface ;

crack while the
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+ Infills can be waxing process is
made with underway.
QuickCast ™ to
enhance the - Before dipping
behavior of into the ceramic
thermoplastic slurry, patterns
patterns. may require an
extra coating.
+ appropriate
surface quality
when process
parameters are - Surface quality is
appropriately .
adjusted, ctc. not as precise.
T abletoutilize | - inadequate
dimensional
wax filaments
accuracy (caused [11-25,
FDbM by shrinkage of | 27]
+ Patterns made of thermoplastic)
thermoplastic are P
useful for. - Shell cracks are
guaranteeing the
postprocessing also caused b y
thermoplastics.
+ faster and
cheaper
production
+ improved
surface quality
+ Heat treatment
is not necessary - might not be
for pattern loss. cost-effective
RFP because printing [26,27]
+ less expensive in | requires a constant
terms of material low temperature.
+ improved pattern
dimensional
accuracy
+ produces denser
layers than FDM - Shell cracks
and SLA, so | duringdewaxing
MM patterns might not are caused by (12, 26]
require the extra thermoplastics.
coating.

TABLE 2. BENEFITS AND DRAWBACKS OF THE AM TECHNOLOGIES UTILIZED
IN RIC.

Regarding the methods employed in RIC (rapid investment
casting), the following research possibilities and gaps in
knowledge were noted:

- The impact of process variables on part quality has been
explored less for SLA than for FDM technology.

- There is limited information available on the feasibility and
financial viability of printing MMII.

- The RFP (Rapid Freeze Prototyping) method requires
further research to assess its price and duration efficiency.

III. MATERIALS FOR THE PRODUCTION OF PATTERNS

Materials that resemble wax are typically used for creating
patterns in IC due to their Low thermal expansion
characteristics and effective burnout. These patterns made of
wax are primarily removed during the autoclaving phase
before the shell is burned. Any issues related to any leftover
wax following autoclaving can be eliminated by utilizing
microwave techniques (29). The proposed technology
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involves using a microwave oven to dewax, which facilitates
the recycling of wax waste since the wax structure remains
intact after microwave heating. Additionally, Wax filaments
based FDM printing takes longer than with thermoplastics
because the filaments, made of wax, solidify at a slower rate
(30). While wax patterns offer a good surface finish, they are
unsuitable for printing thin-walled parts due to their weakness,
brittleness, and poor mechanical properties (11). The
commercial alternative to filaments (made of wax) is non-wax
materials, which are commonly utilized in various additive
manufacturing (AM) technologies.

In SLA, the Materials that are not wax consist of
photoresins or photopolymers. In the course of the curing
process, chain-reaction polymerization takes place, where the
monomers react with one another to form solid polymer
chains (31, 32). Photopolymers are derived from cationic
and/or systems of radical monomers. Commercially
accessible cationic  photopolymers exhibit excellent
characteristics of a thermo-mechanical, high resilience,
minimal viscosity, and a high modulus of elasticity (33). They
may produce precise dimensional results when printing
intricate parts (34). Parts made from radical monomers exhibit
good hardness, thermal properties, and flexibility (35). Parts
created from resins through photopolymerization generally
achieve good dimensional accuracy, typically within £50 pm
(32). A recent experimental study noted that shell cracking
occurred during heating at temperatures as low as 200-250°C
(30, 36). The high price of photopolymers is another barrier to
the use of SLA in RIC(rapid investment casting) (37).

In FDM (Fused Deposition Modeling) and MMII, the
material that is not wax, utilized is thermoplastics, with ABS
being the most commonly used in RIC studies.
Thermoplastics offer substantial mechanical strength,
toughness, durability, and rigidity, enabling the printing of
thin-walled patterns, which is not possible with wax.
Furthermore, the non-wax patterns' stiffness facilitates post-
processing techniques to enhance surface quality, unlike wax
patterns (24). However, like photopolymers, materials made
of thermoplastic have a higher thermal expansion compared to
wax, leading to cracking of the shell during autoclaving. This
problem is mitigated by the introduction of fresh filaments for
Polycast designed in order to produce investment patterns, in
addition to the utilization of a hatched structure design for the
patterns (38).

Another method for producing non-wax patterns includes
applying ice. Patterns made of ice offer a better surface quality
and can accommodate various geometries. However, they are
fragile and weak, requiring low operating temperatures, which
can lead to cost inefficiencies. low temperature of operation
necessitates careful selection of ceramic slurry to ensure
excellent fluidity of the binder. Additionally, RFP faces
unresolved issues related to the relationship between The
designed substance and the slurry substance.

The results regarding the wax and nonwax materials used
in the RIC are summarized in table 3.

+ minimal - difficulties in
expansion of heat | producing
. thin-walled
+ total capacity structures
for burnout (at
temperatures
lower)
+ reduced
amount of
leftover ash
+ lower price
+ high strength
and toughness
+ favorable
thennomeqhgnlca - higher heat
I characteristics .
expansion,
+high which results
dimensional in the ceramic
isi shell crackin
Photopol SIA precision & 1 31,33-
ymers + superior - minimal 37]
surface quality temperature
compared to for glass
thermoplastics transitions
+ having the - costly
capacity to create
walls that are
thinner than
thermoplastics
- less precise
+ high strength to | measurements
resist loss from as a result of
cleaning as well shrinking
as transportation plastic
+ The capacity to | - inadequate
MMII print thin walls surface quality
Thermo o as a result of 17-25,
lastics P & + Fast printing is | e staircasing g 8]
ensured by a effect
FDM short
solidification - elevated
time. melting point
+ less expensive - Shell cracks
than caused by high
photopolymers temperature
increases
+ high precision
in dimensions
+ superior - The price of
surface quality of | cooling area
Ice REP pattern could be high. g27?, 27,
+ lower melting - delicate and
point, so the brittle
pattern can be
removed without
a furnace.

Material 3D Benefits Drawbacks Reference
technology
- fragile and
FDM + high surface brittﬁz
quality and [11,29,

Wax & dimensional 30]

SLA tolerances
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TABLE 3. INVESTMENT PATTERN MATERIALS COMPARISON

The study of materials highlights several research
prospects and obstacles:

- The time that it takes to solidify for wax filaments used
in FDM requires improvement.

- The toxicity of photopolymers and new materials for
thermoplastics during burnout in the RIC procedure requires
assessment..

- There has been limited research on how low temperature
environments affect the components of ceramic slurry during
RFP-assisted RIC.
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- Despite the widespread use of Polycast filament, there is
insufficient information regarding its mechanical and thermal
characteristics.

IV. CONCLUSION

The excellence of patterns utilized in RIC is influenced by
the AM method, parameters for printing, & the materials
employed in their Manufacturing. This study has highlighted
the benefits and drawbacks of various AM technologies and
The materials utilized in the production of patterns. The
analysis of AM method revealed that:

- SLA-printed patterns provide surface precision and
exceptional dimensional but are costly regarding both the
materials and printer.

- FDM is a cost-effective option, however it has a number
of drawbacks with regard to surface finish performance and
dimensional tolerances.

- RFP produces superior quality patterns, yet the financial
feasibility of this technology requires further evaluation.

The reviewed materials for the making of patterns include
photopolymers, thermoplastics, wax, and ice. The findings
indicate that the primary distinctions between non-wax and
wax materials lie at the temperatures at which they melt and
characteristics of thermal expansion..
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