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Abstract: Rapid tooling (RT) and additive manufacturing (AM) are currently being used in several
parts of industry, particularly in the development of new products. The demand for timely deliveries
of low-cost products in a variety of geometrical patterns is continuing to increase year by year.
Increased demand for low-cost materials and tooling, including RT, is driving the demand for plastic
and rubber products, along with engineering and product manufacturers. The development of AM
and RT technologies has led to significant improvements in the technologies, especially in testing
performance for newly developed products prior to the fabrication of hard tooling and low-volume
production. On the other hand, the rapid heating cycle molding (RHCM) injection method can be
implemented to overcome product surface defects generated by conventional injection molding (CIM),
since the surface gloss of the parts is significantly improved, and surface marks such as flow marks
and weld marks are eliminated. The most important RHCM technique is rapid heating and cooling
of the cavity surface, which somewhat improves part quality while also maximizing production
efficiencies. RT is not just about making molds quickly; it also improves molding productivity.
Therefore, as RT can also be used to produce products with low-volume production, there is a good
potential to explore RHCM in RT. This paper reviews the implementation of RHCM in the molding
industry, which has been well established and undergone improvement on the basis of different
heating technologies. Lastly, this review also introduces future research opportunities regarding the
potential of RT in the RHCM technique.

Keywords: rapid tooling; rapid heat cycle molding; additive manufacturing; injection molding process

1. Introduction

Time to market is a critical aspect of product development strategies [1–3]. In general,
speed is balanced with other factors such as functionality, innovation, or quality [4,5].
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Today, with the emergence of various new technologies, global competition in product
development is developing rapidly. In addition, various industries are constantly in search
for the newest competitive technologies in order to meet rising demand, reduce costs, and be
able to produce products in small batches, while ensuring high quality and the capability to
reach sustainable development goals [6–8]. The rapid growth of RT technology in today’s
global market requires rapid product development to replace conventional methods in
order to improve manufacturing processes, particularly for tooling fabrication [7–9]. RT
offers a faster manufacturing speed that reduces cost and saves project time, which is
critical for successfully completing testing and moving into full production, as illustrated
in Figure 1 [10].
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Regardless of the size of the industry, there will be times when immediate tooling is
required to address certain issues. Moreover, an intermediate tooling system is required
while producing a small quantity of functional prototypes to test the performance of the
product designed. Such a small volume of product is generally used as a market sample,
evaluation requirement, and production process design [11,12]. Although 3D printing
technologies are available to produce the prototype, the properties of the parts produced
are far from the properties of the parts produced using actual manufacturing processes
for mass production. Therefore, RT is definitely required in order to evaluate the actual
performance of the product designed, especially related to the material properties.

For any scientific research, functional tools or prototypes need to be launched prior
to mass production. These are not launched in a mass volume for the consumers but in a
small amount for the researchers [11,13]. RT is extremely beneficial for this situation, as it
allows the launching of the products in a short time. Furthermore, since the manufacturing
cost is low, users can get the products at a low price compared to the prices of those
mass-produced using production tooling. This is why several new start-up or even big
companies prefer using this tool to expand their revenue and achieve a competitive edge
over fellow companies in the market.

Normally, mold-making or prototyping industries use mild steel or aluminum as
material for the mold inserts in RT [14–16]. However, the use of these types of materials
requires the same machining processes used to manufacture the production tooling such as
computer numerical control (CNC), electrical discharge machining (EDM), and wire EDM
machining, which are costly and time-consuming [6,17]. Recently, additive manufacturing
(AM) was used to fabricate mold inserts for RT [9,18–21]. Typically, RT uses a model
or prototype fabricated by AM technology as a pattern to form mold inserts, or mold
inserts are directly manufactured through the AM method for a minimum number of
prototypes [8,22]. In industry, there are variety of RT technologies available, such as the
combined process of RT and AM to lessen the time for making the RT.

According to Huang et al. [23], RT differs from conventional tooling because the time
required to manufacture tools is much quicker and it can be categorized as indirect or direct
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processes. Direct tooling techniques use AM processes to directly manufacture mold inserts
without the need for a master pattern in the process [6,24–26]. The processes involved
in direct tooling are selective laser sintering (SLS), direct metal laser sintering (DMLS),
fused deposition modeling (FDM), stereolithography (SLA), jetted photopolymer (PolyJet),
and 3D printing (3D-P) [6,8,27,28]. On the other hand, indirect processes use AM parts
as the master pattern to make a mold for castings or plastic molding processes. These
processes include cast metal tooling, silicone molding, spray metal tooling, and 3D KelTool
tooling [6,8,9,18,29].

Generally, mold inserts for RT produced using AM technologies such as SLS, FDM,
SLA, PolyJet, and 3D-P exhibit low thermal and mechanical properties; therefore, they are
prone to failure throughout the molding process [30–32]. On the other hand, the DMLS
process is not suitable for a simple plastic part design as it is time-consuming compared to
machining processes. Moreover, for complex parts, DMLS has a few limitations for certain
feature designs. In addition, past research on RT mold inserts discovered that the stress
implemented in the mold inserts throughout the injection molding cycle has a significant
impact on mold life [6,17,33–35].

On the other hand, a new technology called rapid heat cycle molding (RHCM) has
been proven to eliminate weld line and molding defects in CIM, as well as the high glossy
surface, by heating the core and/or cavity insert beyond the glass transition temperature
of the plastic resin [36–38]. Thus, by raising the mold temperature to the glass transition
temperature, weld lines can be considerably eliminated [36,39–42].

Table 1 shows various types of RCHM technologies investigated by researchers to
improve weld line strength, tensile strength, and surface quality using various types of
RHCM technology such as electromagnetic induction heating, induction heating, hot oil,
a combination of hot oil and induction heating, steam heating (vapor chamber), and electric
heating in hard/production tooling.

Table 1. RCHM Technologies.

No. RHCM Technology Researchers

1 Electromagnetic induction heating Chen et al., 2006 [39]

2 Induction heating
Huang and Tai, 2009 [43];
Huang et al., 2010 [44];
Nian et al., 2014 [45]

3 Hot oil Huang and Tai, 2009 [43]

4 Combination of hot oil and induction heating Huang and Tai, 2009 [43]

5 Steam heating (vapor chamber) Tsai, 2011 [46];
Wang, 2014 [47]

6 Electric heating
Li, 2016 [48];
Xie, 2017 [49];
Liu, 2020 [50]

Tosello et al. [51] investigated the impact of injection molding parameters on weld line
formation and strength reduction. According to the studies, the most important factor to
reduce weld lines is increasing the mold temperature. Wang et al. [52] analyzed the heat
transfer during heating and cooling phases of RHCM process. The results of production
showed that the RHCM process completely eliminates the weld lines on the surface of the
parts, and the surface gloss of the parts is also greatly improved. The influence of the RHCM
process on part surface quality has been studied [40,42,50,53,54]. The results showed that
the high cavity surface temperature near to the polymer’s glass transition temperature can
assist in reducing surface roughness, significantly enhancing surface gloss, and eliminating
the weld line. Studies have shown that, by using the RHCM process to eliminate weld lines,
the surface roughness of molded parts can be significantly reduced. As a result, processes
such as spraying and coating can be eliminated, reducing energy, material, and production
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costs while also protecting the environment [55–58]. Thus, it is being considered as a
possible manufacturing technology in the plastic injection molding industry.

Therefore, this paper intends to provide a brief review on the role of RT technology in
manufacturing methods of tooling toward its potential in the RHCM technique. The review
of the literature included previous studies that were conducted on the application of RHCM
in the injection molding process, which has been well established and continues to improve
on the basis of different heating technologies. In addition, most of the studies proved
that RT can be used to produce low-volume products. However, despite the potential
advantages of RT in industry, there is a lack of studies and verification of the weld line and
surface quality of plastic molded parts. Furthermore, the potential of RHCM in RT has not
been explored, despite the use of RT in CIM having been investigated and research having
been published. RT, on the other hand, is a great choice for low-volume production.

2. Injection Molding Process

The injection molding process is divided into several levels, i.e., operating cycles, in-
cluding plasticization, filling, packing, and cooling [59–62]. The cooling stage is designated
as the most significant of all stages due to its critical factors in developing productivity and
molding quality, especially for complex molded parts [63–65]. Otherwise, defects such as
sink marks, shrinkages, residual stresses, and warpage can occur if not addressed [66–70].

Initially, the plastic pellets are heated by screw shearing and a feed pipe before being
plasticized to melt. The melt is then injected into the runner system to fill the mold cavities.
After the cooling process, the molded part is ejected from the mold [38,71,72]. The quality of
final molded parts is uncontrollable because it is influenced by many factors in the injection
molding process. Some important factors which may have an impact on the finishing are
the process parameters, mold design, and properties of plastic materials [52,73,74]. One of
the factors that determines the quality of injection molded parts is the weld line [50,75,76].
The weld line refers to the process in which the liquid material is divided into two or
more flows in the cavity during the injection process and merged together after a period of
time [51,77–79].

There are five main phases in the injection molding process which are melting, filling,
packing, cooling, and demolding [80–82]. It is desirable to keep the filling and packing
phases at a high temperature to promote polymer melt flow and enhance reproducibility
of the molded product [80,83,84]. A lower mold temperature is preferred during the
subsequent cooling phase to allow for rapid cooling of the polymer melt, which occupies
the majority of the molding cycle time [47,80,85,86]. As a result, to improve part quality
and reduce molding cycle time, a dynamic mold temperature control system for rapid
heating and cooling of the mold is required [80,83,87]. As shown in Figure 2, after the gate
is solidified, the mold is cooled down rapidly by water to solidify and demold the polymer
part [88]. However, in the CIM, the mold temperature control technique uses a concurrent
cooling method, where a constant-temperature coolant circulates in a cooling channel to
cool the mold and polymer melt [80,89,90]. Even though RHCM gives a longer cycle time,
it improves the strength, eliminates the weld line, and improves the surface quality (high
glossy surface) [38,91,92].
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3. Rapid Tooling

Today, with different kinds of new technologies, global product development competi-
tion is becoming increasingly fierce. In addition, industries are constantly on the lookout for
the latest technology that can compete to meet future demands, reduce costs, and produce
small batches of high-quality products while also being able to meet sustainability goals [93].
In today’s market globalization, rapid tooling (RT) technologies have been steadily evolv-
ing with the demand for rapid product development in order to substitute conventional
methods for better manufacturing processes, particularly for tool manufacturing [8,94,95].

RT is the AM technology that refers to the manufacturing methods of tooling [94,96,97].
RT utilizes the AM model as a pattern to construct a mold, or the mold for a small volume
of prototypes is made directly from the AM process [8,27,98–100]. There are a variety of
RT technologies accessible in the industry, such as the combination process of RT and AM,
to lessen the time for making tools. Chua et al. [98] investigated several of RT and AM
technologies using direct processes for tool production. Nevertheless, the majority of RT
technologies implement indirect processes and models or master patterns produced by the
AM process. According to Pouzada [101], there is an outline for the industry to take into
consideration when choosing alternative production methods including RT, which includes
a shorter delivery time, higher quality, shorter product development phase, and adaptation
to global technology. This is a markedly new technique that has the potential to have a
dramatic impact on the engineering practice, particularly during the product development
stage, mostly in the casting and plastic molding industries [95,102]. As supported by
Boparai et al. [27] and Mendible et al. [6], RT is also among the rapid prototyping (RP)
variants, which have been proven to be cost-effective and time-efficient for the development
of RT.

According to Pontes et al. [103], RT differs from conventional tooling in that it takes
much less time to fabricate tooling and can be classified into indirect or direct processes.
Direct tooling techniques use AM processes to directly manufacture the molds without
requiring a master pattern. The processes involved in direct tooling are SLS, DMLS,
FDM, SLA, PolyJet, and 3D-P [8,96]. On the other hand, indirect processes utilize AM as
master patterns to make a mold for castings. These processes include metal casting, resin
casting, silicone rubber molding, and 3D KelTool process [6,97,100]. Jurkovic et al. [104]
introduced the emergence of products and the evolution phase of RT technology that
began in the early 1990s. Product design takes a long time. The standards start from the
construction of the workshop, involving applications of computer-aided construction and
geometric models, the rapid development of computer-oriented products (modeling and
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simulation) and virtual product development, rapid prototyping, rapid tooling, and the
product development digitization process.

As the quantity of RT technologies with numerous techniques has increased, there has
been a trend to categorize them, as can be seen in Figure 3. Indirect tools, direct tools, and
casting patterns can be distributed into the implemented groups [98]. After all, the division
of these groups may change depending on AM’s capability to speed up the production
process. Some of the processes have been simplified with new technical capabilities, from
indirect tooling to direct tooling, such as the use of mold inserts in an epoxy mold system
rather than a conventional process [8]. In order to produce a good plastic injection mold,
the selection of the material in mold making should be highly considered and understood.

Materials 2022, 15, x FOR PEER REVIEW 6 of 40 
 

 

standards start from the construction of the workshop, involving applications of com-
puter-aided construction and geometric models, the rapid development of computer-
oriented products (modeling and simulation) and virtual product development, rapid 
prototyping, rapid tooling, and the product development digitization process. 

As the quantity of RT technologies with numerous techniques has increased, there 
has been a trend to categorize them, as can be seen in Figure 3. Indirect tools, direct 
tools, and casting patterns can be distributed into the implemented groups [98]. After 
all, the division of these groups may change depending on AM’s capability to speed up 
the production process. Some of the processes have been simplified with new technical 
capabilities, from indirect tooling to direct tooling, such as the use of mold inserts in an 
epoxy mold system rather than a conventional process [8]. In order to produce a good 
plastic injection mold, the selection of the material in mold making should be highly 
considered and understood. 

 
Figure 3. Classification of RT. 

4. Materials for Injection Mold 
Several criteria need to be considered when selecting materials for the injection 

mold, including cycle time, production volume, cost, maintenance, materials to be 
molded, part requirements, manufacturability, and life cycle costs [69,105,106]. Hard-
ness, capability to achieve the requisite surface finish, corrosion resistance, wear re-
sistance, thermal stability, and thermal conductivity are all important properties of a 
material to consider when designing an injection mold [69,107]. 

Metals are the most frequently used material in the industry due to high machin-
ability, great variety of composition and properties, heat treatment possibility, and high 
thermal conductivity [69]. Steel and aluminum are often used, contingent on the pro-
ject’s requirements [69]. To ensure chemical resistance, strength, and hardness, steels 
are often made of chromium and nickel alloys, which make it a more cost-effective op-
tion [69]. On the other hand, aluminum alloy is a better thermal conductor than steel, 
reducing cycle time by up to 30% [69,107]. However, aluminum alloy molds only last 

Figure 3. Classification of RT.

4. Materials for Injection Mold

Several criteria need to be considered when selecting materials for the injection mold,
including cycle time, production volume, cost, maintenance, materials to be molded, part
requirements, manufacturability, and life cycle costs [69,105,106]. Hardness, capability to
achieve the requisite surface finish, corrosion resistance, wear resistance, thermal stability,
and thermal conductivity are all important properties of a material to consider when
designing an injection mold [69,107].

Metals are the most frequently used material in the industry due to high machinability,
great variety of composition and properties, heat treatment possibility, and high thermal
conductivity [69]. Steel and aluminum are often used, contingent on the project’s require-
ments [69]. To ensure chemical resistance, strength, and hardness, steels are often made of
chromium and nickel alloys, which make it a more cost-effective option [69]. On the other
hand, aluminum alloy is a better thermal conductor than steel, reducing cycle time by up
to 30% [69,107]. However, aluminum alloy molds only last around 2000 cycles, whereas
steel molds last at least 50,000 cycles, making them sturdier than aluminum molds [69,107].

The mechanical properties of mold products do not change proportionally to the ther-
mal conductivities or temperature of the mold material. The thermal conductivities of mold
materials differ significantly, but changes in the mechanical properties of injected products
from mold materials are barely noticeable. Steel mold material had four times the thermal
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conductivity of aluminum mold material in one study. When molding materials with
different thermal conductivities were used, mechanical properties varied by 10–20% [108].

Usually, the mold is produced by a CNC machine with subtractive manufacturing.
Harder materials including steel alloys necessitate specialized tools and further milling
work, increasing the cost of the injection mold, as well as the cost of plastic parts to be
produced [69].

4.1. Mold Base Material

A standard mold base is made up of four parts: the mold plate, the guide pin bushing,
the return pin, and the screw. The mold plate is classified into two types according to
its application: main plates (A plate and B plate) and structural plates (top clamping
plate, bottom clamping plate, support plate, ejector plate, space block and runner stripper
plate, etc.). Mold bases are made up of the A plate, B plate, and various structural plates
assembled in a specific order [109].

The most common steel types used as mold base material are pre-hardened mold and
holder steel, through hardening mold steel, and corrosion-resistant mold steel [110–112].
The pre-hardened mold and holder steels are mainly utilized for large molds, molds that do
not require high wear resistance, extrusion dies, and high-strength holder plates [110–112].
These steels are usually supplied in a hardened and tempered state in the 270–400 HB range
and do not require heat treatment [111]. Pre-hardened mold steel is usually utilized for
large molds and medium production-run molds [111].

On the other hand, through hardened steels are mainly utilized for: long-term produc-
tion, as well as specific molding materials with resistance to abrasion, high closing pressure
or injection pressure, and suitability for high-pressure processes such as compression mold-
ing [111]. This type of steel is supplied in a soft annealed state. It normally undergoes
rough machining, stress relieving, semifinished machining, hardening and tempering to
the requisite hardness, finishing/grinding, and polishing or photoetching [111].

The choice of mold material may have an impact on the mold’s performance [111].
Different people define performance differently in terms of mold life, plastic part quality,
and productivity. Wear, surface defects, deformation, and corrosion wear may occur as
a result of reinforced plastic or long service life, and surface defects may occur due to
polishing or EDM defects in the mold manufacturing process [111], while a plastic part’s
quality is determined by its function, as well as its appearance. For highly polished molds,
the choice of steel is significant. Steel should be clean and extremely low in impurities [111].
Due to the uneven temperature of the mold, tolerance may occur, which of course largely
depends on the size and position of the cooling channel, as well as the mold material
chosen. Mold materials with high thermal conductivity, such as aluminums or copper
alloys, can be used in some cases. Sometimes, it is even possible to achieve productivity
by selecting mold materials. The most obvious situation is to choose a material with high
thermal conductivity [111].

The mold material requirements depend on the number of injections, the plastic
material used, the mold size, and the desired surface finish; many different materials
can be used. The following basic mold material properties must be considered: strength
and hardness, toughness, wear resistance, cleanliness, corrosion resistance, and thermal
conductivity [111].

A summary of the material properties commonly used as mold base materials is listed
in Table 2. It can be seen that steel and aluminum are frequently used as mold base materials
as they have high thermal conductivity and hardness, meeting the requirements of mold
base materials in most studies [108,113,114].
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Table 2. Physical and mechanical properties of mold base materials.

Type of Material Density
(g/cm3)

Specific Heat
(J/g·◦C)

Thermal
Conductivity

(W/m·K)

Hardness
(HB) Authors

Aluminum (2000)
series 2.78 0.869 139 135 Ozcelik et al.

[108]

AISI (1020) steel 7.87 0.486 51.9 170 Ozcelik et al.
[108]

Aluminum (QC-10) 2.85 N/A 159.12 150–170 Raus et al.
[113]

Copper Alloy (C18000) 8.81 N/A 225 94 Raus et al.
[113]

Steel (PC-20) 7.87 N/A 34.59 264–331 Raus et al.
[113]

Carbon steel AISI 1050 7.85 0.486 49.8 196 Tang et al.
[114]

4.2. Mold Insert Material

There are different types of mold inserts materials used in the fabrication of molds for
the injection molding process. The fully hardened steel used for cavity and core inserts is
typically held in a pre-hardened steel holder block (such as RoyAlloy or Ramax HH) [111].
Hardened molds or cavity inserts, for example, in the 48–60 Rockwell C range, can improve
wear resistance, deformation and indentation resistance, and polishability [111]. When
using filled or reinforced plastic materials, better wear resistance is particularly important.
The ability to resist deformation and indentation in the cavity, gate area, and parting line
contributes to maintaining the quality of the part. When a high surface finish on the molded
part is required, better polishability is significant [111].

Aluminum is also a preferred metal for the fabrication of industrial mold inserts,
although its strength and wear resistance [115] lower the benefits of aluminum. A good
alternative for quick prototyping mold inserts is aluminum 6061-T6. It can be used very
quickly [115] and subjected to diamond turning [116]. Its low specific density makes the
molding machine easy to manufacture, assemble, and install, consequently reducing the
production costs [115]. However, its strength is lower than that of copper-coated beryllium
or nickel steels [115].

Steel alloys are often used for the production of molds because of their resilience,
reliable mold operation, and long service lives, whereas their high strength impedes
machinability and increases production costs [115]. Polishing of steel molds is often
necessary [117,118]. Moreover, the rapid tool wear requiring the use of a special vibration-
assisted cutting systems to reduce the cutting strength and wear in the tool [119] pre-
vents steel alloys from being turned using a single point-diamond tool. Coating a nickel
layer on steels can improve processability, but it also increases the cost and time of
manufacturing [115]. The materials used for mold inserts in CIM, RHCM, and RT are
discussed in further detail in the next section.

4.2.1. Mold Inserts for Conventional Injection Molding

Mold making is an essential supplementary industry, and its related products corre-
spond to more than 70% of consumer product components. The high demand for shorter
design and manufacturing production lines, good dimensionality and product quality, and
rapid changes in design has created bottlenecks in the mold industry [114]. It is a difficult
process that necessitates the use of a skilled and experienced mold maker [114].

Mold maintenance requirements are reduced by ensuring that the core and cavity
surfaces maintain their original finishing for long operation cycles. Classic stainless steel
is the best choice for unacceptable production of rust and high hygiene requirements,
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such as in the medical industry, optical industry, and other industries requiring high-
quality transparent parts [120]. Table 3 contains a summary of the physical and mechanical
properties of mold insert materials commonly used in CIM. According to the summary in
Table 3, steel is widely used as mold insert material in CIM due to its dimensional accuracy,
surface finish, and productive capability required for plastic products [121].

Table 3. Physical and mechanical properties of mold insert materials for CIM.

Type of Material Density
(g/cm3)

Specific Heat
(J/g·◦C)

Thermal
Conductivity

(W/m·K)
Authors

P20 mold steel 7.8 460 29 Nasir et al.
[122]

AISI P20 7.85 460 34 Xiao and
Huang [123]

P20 tool steel 7.86 N/A 41.5 Sateesh [124]

Tool steel SKD-61 7.76 460 25 Chiang and
Chang [121]

NAK80 (pre-hardened steel) 7.72 N/A 41.3 Chung [125]

(45–55 HRC, STAVAX)
(pre-hardened steel) 7.8 460 16 Okubo et al.

[126]

4.2.2. Mold Inserts for Rapid Heat Cycle Molding

Mold materials must be specifically chosen due to the rapid heating and cooling
characteristics of RHCM. Compared with CIM mold materials, there are at least three
additional factors to consider when selecting materials for electric heating molds. First,
as the temperature of a low-heat-capacity material changes easily, a mold material with
this characteristic is preferable for electrically heated RHCM. Secondly, because the mold
requires frequent heating and cooling, fatigue cracks caused by cyclic thermal stress are
more likely to appear on the surface of the cavity compared to other molding processes.
Therefore, mold materials with a low thermal expansion coefficient and high thermal
fatigue strength are needed.

Furthermore, due to the high mold temperature, several corrosive gases such as
hydrogen chloride (HCl), hydrogen fluoride (HF), and sulfur dioxide (SO2) generated
by the melt decomposition will corrode the surface of the cavity. Thus, the cavity/core
material must be highly corrosion-resistant. High-thermal-conductivity materials, such as
copper, copper alloys, and aluminum alloys, are often used as cooling plates for electric
heating molds to enhance the cooling efficiency [127].

Steel is often chosen as the mold material. Steel has a lower heat transfer than alu-
minum plates (due to its higher density and lower conductivity), although steel is more
commonly used in large series (often up to 106 cycles) because aluminum has poorer
mechanical properties under injection pressure (not only strength but also stiffness) [128].

Table 4 summarizes the physical and mechanical properties of the mold insert used
in the RHCM. A higher thermal conductivity of the cavity/core material results in higher
heating and cooling efficiencies and a shorter molding cycle time [87].

Table 4. Physical and mechanical properties of mold insert materials for RHCM.

Type of Material Density
(g/cm3)

Specific Heat
(J/g·◦C)

Thermal
Conductivity

(W/m·K)
Authors

Hot work tool steel
(Vidar Superior) 7.78 460 30 Li et al. [55]

AISI P20 7.85 460 34 Wang et al. [87]
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Table 4. Cont.

Type of Material Density
(g/cm3)

Specific Heat
(J/g·◦C)

Thermal
Conductivity

(W/m·K)
Authors

AMPCO 940 8.71 380 208 Wang at al. [87]

CENA 1 7.78 495 22.9 Wang et al. [47]

4.2.3. Mold Inserts for Rapid Tooling

Rapid tooling is among the rapid prototyping applications in the manufacturing
industry. It allows building molds for small batch production products quickly and at low
cost. It can be divided into direct and indirect tooling, as well as hard and soft tooling.
Direct tooling is attained directly through a rapid prototyping process which uses soft
materials (such as stereolithography materials) [3,9,15,129–131]. Several other tools are
made of hard materials, such as powder metal [9,132], while, in the indirect tooling method,
a casting pattern is produced through a rapid prototyping process and then used to build
the necessary tool. Aluminum-filled epoxy resin [103,133] is a prevalent soft material
because of its ease of use in fabricating mold inserts. Silicon rubber [134] is mostly used to
make indirect tools.

The tool life is the most important consideration for injection molds formed using
the rapid tooling approach. Since rapid prototyping technologies have matured, tools
directly produced by rapid prototyping machines can accurately and precisely depict all
the specific details and features of the model. Nevertheless, certain soft rapid prototyping
materials have lower thermal conductivity and are typically unable to withstand high
injection pressure and melt temperature [134]. Therefore, the lifespan of the tool is shorter.
Even though additional processes such as metal laser sintering can be used to coat soft
materials with a layer of metal [135] to increase its hardness, they increase the difficulty of
the manufacturing process. In contrast, epoxy resin is a commonly used material in indirect
tooling method because it can be easily molded with the casting pattern. The addition of
metal powder can significantly increase its hardness and thermal conductivity, thereby
further extending its tool life. Nevertheless, it also makes the epoxy resin mold cavity
brittle. Thus, tools created through the indirect tooling method do not last long [9]. Some
of the studies focusing on rapid tooling are presented in Table 5.

Tomori et al. [136] investigated the impact of mold performance and part quality on
the composite tooling board material formulation and processing parameters. A sample
preparedness flow chart is displayed in Figure 4. The boards were made of three ingredients:
RP4037 (fluid), RP4037 hardener, and silicon carbide (SiC) filler (powder). Three levels of
tooling board formulations were chosen for the six molds: 28.5, 34.7 and 39.9 wt.% of the
SiC filler, along with two cutting speed levels (1.00 and 1.66 m/s). The variable parameter
of this study was cutting speed, whereas the surface roughness of molded parts was the
response variable. Since no apparent mold damage was found, the physical structure of the
mold was unaffected by SiC concentration and cutting speed. This finding concluded that
SiC concentration in the mold greatly impacts the surface roughness of the molded parts.
In addition, the flexural strength increased (58.75 to 66.49 MPa) as SiC filler concentration
increased, following a pattern similar to the mold material’s thermal conductivity. However,
this investigation did not discuss the consequence of filler concentration on the weld line of
molded parts.
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Table 5. Research on mold inserts in RAPID TOOLING.

R
esearcher

Epoxy
R

esin/H
ardener

Particles/Fillers
U

sed

Filler
(w

t.%
)

W
eightPercentage

of

Particle
Size

M
echanicalTest

R
oughness

(R
a)(µ

m
)

A
rithm

etic
M

ean

FlexuralStrength
(M

Pa)

H
ardness

Test(R
H

)

(W
/m

·K
)

C
onductivity
T

herm
al

Fatigue
Test

Tensile
Strength

(M
Pa)

(M
Pa)

C
om

pressive
Strength

(kgF/m
m

2)
V

ickers
H

ardness,

Shore
D

H
ardness

Test

D
ensity

(g/cm
3)

(m
m

2/s)
T

herm
alD

iffusivity

Surface
R

oughness

1. Tomori et al.
(2004) [136]

• RP4037 (resin)
• RP4037

(hardener)
• SiC

• 28.5
• 34.7
• 39.9

N/A 1.03 to
1.35

58.75 to
66.49 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

2.
Senthilkumar

et al. (2012)
[137]

• Araldite LY 556
(resin) • Al

• 40
• 45
• 50
• 55
• 60

45–
150
µm

N/A N/A 69 to 89 3.97 to 5.39 15,786 to
734 N/A N/A N/A N/A N/A N/A N/A

3.
Srivastava
and Verma
(2015) [34]

• PL-411 (resin)
• PH-861

(hardener)

• Cu
• Al

• 1
• 5
• 8
• 10

N/A N/A N/A N/A N/A N/A <85 (pure epoxy) Cu = 65 at
10 wt.%

Cu = 22.4
at 8 wt.%. N/A N/A N/A N/A

4.
Fernandes
et al. (2016)

[35]

• RenCast 436
(resin with Al
filler)

• Ren HY 150
(hardener)

• Al • 21.4 N/A N/A N/A N/A N/A N/A

• Steel AISI
P20 inserts =
20.0 ± 4.5

• Epoxy
resin/Al
inserts =
22.0 ± 5.0

N/A N/A

• Steel AISI
P20
inserts =
66 ± 3.2

• Epoxy
resin/Al
inserts =
61 ± 1.6

N/A N/A N/A

5
Khushairi

et al. (2017)
[138]

• RenCast CW 47
(resin with Al
filler)

• Ren HY 33
(hardener)

• Brass
• Cu

• 10
• 20
• 30

N/A N/A N/A N/A

• Brass:
10% = 1.18,
20% = 1.21,
30% = 1.37

• Cu:
10% = 1.66,
20% = 1.73,
30% = 1.87

N/A N/A

• Brass:
10% = 95.61,
20% = 93.23,
30% = 92.69

• Cu:
10% = 80.83,
20% = 81.51,
30% = 73.17

N/A N/A

• Brass:
10% = 1.85,
20% = 2.01,
30% = 2.22

• Cu:
10% = 1.83,
20% = 1.96,
30% = 2.08

• Brass:
10% = 0.644,
20% = 0.657,
30% = 0.740
Cu:
10% = 0.837,
20% = 0.923,
30% = 1.112

N/A

6 Kuo and Lin
(2019) [139]

• TE-375 (Al
filled epoxy
resin)

N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

• Average
microgroove
depth of
Al-filled epoxy
resin was
90.5%

• Average
microgroove
width of
Al-filled epoxy
resin was
98.9%
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Senthilkumar et al. [137] studied the mechanical behavior of aluminum (Al) particles
added with epoxy resin. A specimen was cast using various percentages of Al filler
mixed into the epoxy resin. Optical microscopy results showed that the distribution of
Al particles in the epoxy resin matrix was uniform. According to this finding, increasing
the proportion of Al particles in epoxy resin matrix resulted in a significant increase in
thermal conductivity (3.97 to 5.39 W/m·K) and hardness value (69 to 89 RHL). However,
fatigue life of the specimen decreased from 15,786 to 734 cycles as the percentage of
Al in the epoxy resin increased. The best proportion to improve mold durability and
performance was 45–55 wt.% Al filler particle. This parameter improved in terms of
hardness, fatigue life, and thermal conductivity by 72 RHL, 10,011 cycles, and 4.06 W/m·K,
respectively. The fatigue life could be reduced by 36.58% for every 5 wt.% increase in
Al filler particles, while the hardness value increased by 4.34%. Nonetheless, no further
research has been conducted on flexural strength, compressive strength, tensile strength,
and surface appearance of the produced molded parts.

Srivastava and Verma [34] carried out a study on the impact of particles on the me-
chanical properties of reinforced epoxy resin composites containing Copper (Cu) and Al
particles. Cu and Al particles were mixed separately in epoxy resin as fillers in different
compositions (1, 5, 8, and 10 wt.%). The mechanical test results showed that Al-reinforced
epoxy resin has great tensile properties, i.e., 104.5 MPa at 1 wt.%, while Cu filler epoxy resin
composites performed the best in the hardness test (22.4 kgF/mm2 at 8 wt.%), with a com-
pressive strength of 65 MPa at 10 wt.%. In addition, Cu-filled epoxy resin composites had a
lower hardness than Al-filled composites, but still performed better than Al. This finding
concluded that tensile strength and wear loss decreased steadily as filler content increased,
whereas hardness, compressive strength, and friction coefficient increased as Cu and Al
filler weight percentages increased. In short, the effect on the weld line on the surface of
the molded parts was still lacking in this study.

Fernandes et al. [35] investigated the mechanical and dimensional features of molded
PP injection parts for rapid tooling in epoxy resin/Al inserts. The circular geometrical
component used for the work had a diameter of 140 mm and five central cavities connected
by a 2 mm diameter segment. The runner was 60 mm long, the entrance diameter was
6.5 mm, and the draft angle is 2◦. In this study, a new hybrid mold made of epoxy resin
and Al was used to inject polypropylene (PP) parts to test the proposed mold. Moreover,
similar parts were injected using an AISI P20 (ordinary mold) steel mold, just like the real
application. While the tensile strength at yield of the parts injected with epoxy resin/Al
inserts (22.0 ± 5.0 MPa) was higher than that of the parts injected with injection steel AISI
P20 inserts (20.0 ± 4.5 MPa), this difference was not statistically significant. Other properties
(ultimate tensile strength, elongation at break, and modulus of elasticity) in epoxy resin/Al-
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injected parts were lower than in steel AISI P20-injected parts. Furthermore, the Shore
D hardness of parts molded with AISI P20 steel inserts increased by 8.5% compared to
epoxy/Al inserts. The geometric deviation of parts injected with AISI P20 steel mold
showed less shrinkage than parts injected using the epoxy/Al mold. According to these
findings, epoxy/Al molding blocks could be a high-quality substitute for rapid tooling in
the production of small series of products. Moreover, the findings with regard to the effect
on the weld line of molded parts produced was not discussed in this investigation.

Khushairi et al. [138] analyzed the mechanical and thermal properties of various Al-
filled epoxy compositions with the addition of Cu and brass fillers. Different compositions
of brass and Cu filler were mixed in Al-filled epoxy (10, 20, and 30 wt.%). At the highest
filler composition, the density of brass and Cu was 2.22 g/cm3 and 2.08 g/cm3, respectively.
Adding 30% Cu fillers to an epoxy matrix resulted in the highest average thermal diffusivity
(1.12 mm2/s) and thermal conductivity (1.87 W/m·K), whereas adding brass had no effect
on thermal properties. The compressive strength increased from 76.8 MPa to 93.2 MPa when
20% brass filler was used, and from 76.8 MPa to 80.8 MPa when 10% Cu filler was used.
Due to the presence of porosity, further addition of metal fillers reduced the compressive
strength. This finding concluded that fillers improve the mechanical, thermal, and density
properties of Al-filled epoxy. Nonetheless, an extensive study on the surface appearance,
particularly the weld line of the molded parts, is needed to analyze the quality of the
molded part.

Kuo and Lin [139] investigated the manufacture of Fresnel lenses using rapid injection
molding with liquid silicone rubber. The experiment was developed with RT and LSR
parts for the development of a horizontal LSR molding equipment (Allrounder 370S 700–
290, ARBURG). Al-filled epoxy resin could be used to produce injection molds for LSR
injection molding. The Al-filled epoxy resin mold’s average microgroove depth and width
had replication rates of 90.5% and 98.9%, respectively. The average microgroove depth
and width transcription rates of LSR molded parts were approximately 91.5% and 99.2%,
respectively. The microgroove depth and width variations of LSR molded parts could be
controlled within ±1 µm. After 200 LSR injector test runs, the average surface roughness of
the Al-filled epoxy resins improved by approximately 12.5 nm. However, further tests on
the tensile strength, compressive strength, hardness, and density, as well as observations
of the weld line, are required to understand the impact of rapid injection molding on the
proposed mold in terms of the quality of the molded parts.

According to the above review, several aspects (flexural strength, hardness, thermal
conductivity, tensile strength, compressive strength, density, thermal diffusivity, and surface
roughness) are important in manufacturing new potential mold inserts material for the
injection molding process, as well as in the rapid tooling technique. However, most
previous studies did not consider an observation of the surface appearance (weld line) of
the molded parts when attempting to find the best proportion of materials in manufacturing
mold inserts. Findings from previous research have shown that, by implementing a suitable
material, mold inserts can achieve excellent machinability and high compressive strength,
combined with sufficient toughness, good resistance to heat and wear, and high thermal
conductivity. Nevertheless, the implementation of the rapid tooling technique in rapid heat
cycle molding (RHCM) is yet to be investigated in terms of its contribution in the molded
parts produced.

5. Rapid Heat Cycle Molding

In conventional injection molding, the mold temperature is significantly lower than
the glass transition temperature or melt temperature of the polymer to reduce the molding
cycle and enhance output efficiencies. Under such molding conditions, it is inevitable that
the polymer melt will solidify prematurely during the filling stage, resulting in various
molding defects such as short shots, flow marks, weld marks, jetting marks, swirl marks,
and fiber-rich surfaces. In RHCM, rapid mold heating and cooling technology must be
implemented to heat the cavity surface in a reasonably wide temperature range. Before
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performing melt filling in RHCM, the cavity surface is rapidly heated to a much higher
temperature than CIM, typically above the glass transition temperature or polymer melt
temperature. Therefore, the phenomenon of premature freezing of the polymer melt in the
filling stage can be eliminated in the RHCM, thereby eliminating the frozen layer formed
in the CIM. As a result, RHCM will effectively resolve the aforementioned inherent CIM
molding defects. To shorten the molding cycle, the injection mold and shaped polymer
melt cools faster in RHCM than in CIM after the filling stage [37].

Before the filling process in RHCM, the mold is rapidly heated to above the glass
transition temperature, and then molten plastic is injected into the cavity. The mold is
rapidly cooled after the filling stage to harden the molten plastic. After the cooling stage,
the plastic parts are finally ejected [76]. The solid line in Figure 5 shows a demonstrative
example of a mold temperature profile, where Tg denotes the material’s glass transition
temperature. The heating time is indicated by the symbol th. The injection, packaging, and
cooling times are denoted by the letters tinj, tp, and tc, respectively [76].
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6. RHCM versus Conventional Injection Molding

The rapid heating cycle molding (RHCM) injection method has been used to overcome
product surface defects generated through conventional injection methods, such as weld
marks and flow marks, by contrasting the advanced technology with conventional injection
methods and products formed [56]. In this section, three comparisons are made in terms of
the working process, mold design manufacture, and part quality.

The polymer melt is thoroughly combined during the injection molding process
because RHCM uses high temperature, along with a rapid heating and cooling method.
The melt flows much better than in the conventional injection method, with lower viscosity.
The surface of the mold cavity is made with a high-gloss surface. As a result, the product
surfaces are bright and smooth as a mirror, with no weld marks or flow marks.

In general, the conventional injection molding process consists of five stages, namely,
the plasticization stage of the polymer, the injection stage, the filling stage, the cooling
stage, and the ejection stage. Once the polymer has been plasticized into a molten state,
it is injected at a higher pressure and speed into the mold cavity through a nozzle. Fol-
lowing the packing stage, the polymer melt is cooled to a low temperature using water.
After that, the mold is opened, and an ejector pin is used to eject the polymer. At this point,
the conventional injection molding process has completed one cycle before beginning the
next cycle [56].

In contrast to CIM, RHCM injection technologies can be classified into six phases.
The stationary mold is heated prior to injecting the polymer melt into the mold cavity.
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During this stage, the surface of the mold cavity is heated to the injected polymer’s glass
transition temperature. The cavity is then filled with the polymer melt. The cavity tempera-
ture remains unchanged during the subsequent packing process until the cooling phase
starts. Cooling water is utilized as a coolant to preserve the mold and polymer melt inside
it to a certain low temperature. The plastic part can now be ejected to complete the RHCM
injection cycle. The cavity surface is heated quickly again before the next injection process
begins. Then, the next RHCM cycle of injection starts [56].

In RHCM, the initial mold cavity temperature is significantly higher than that in
conventional molding, and the temperature is significantly different. However, since the
mold temperature rises and falls in a short period of time, the molding cycle is nearly
equal to that of a conventional injection molding process [55]. To shorten the molding cycle
time, the heating stage for the RHCM mold, which requires heating of both the cavity and
the core sides, can begin at the same time as part ejection. If only the cavity side of the
mold needs to be heated, the mold can be heated as it opens. During the heating stage,
the mold is heated to a preset high temperature, which is usually higher than the polymer’s
glass transition temperature [87]. Figure 6 shows the RHCM technology principle and
the RHCM mold’s temperature variation and injection cycles for conventional injection
molding. In this figure, a is the heating stage, b is the injection and packing stage, c is
the cooling stage, d is the mold opening and part ejection stage, and a’, b’, and c’ are the
next stages of the injection cycle, while line 1 represents the heat distortion temperature of
polymer, line 2 is the mold temperature of RHCM, line 3 is the ejection temperature of the
part, and line 4 is the mold temperature in the conventional injection method.
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This figure shows the mold temperature changes during RHCM injection cycles, in-
cluding the polymer’s heat distortion temperature and the ejection temperature of part.
Although conventional molds are still at the same temperature, the RHCM technology work
process is more complex than the conventional injection process. Furthermore, the tempera-
ture control of RHCM molds is much more complicated than that in conventional molding,
and it is normally controlled by conventional temperature controllers [56].

6.1. Application of RHCM in CIM

Some defects in plastic parts produced by conventional injection molding (CIM) can
be solved by RHCM, such as flow marks, silver marks, jetting marks, weld marks, exposed
fibers, and short shots [43]. However, RHCM is not a solution for all injection-molded
part flaws. Warpage is one of the defects that cannot be solved using RHCM. Li et al. [88]
investigated a method for predicting the warpage of crystalline parts molded using the
RHCM process. To predict warpage, multilayer models with the same thicknesses as the
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skin–core structures in the molded parts were developed. The thicknesses of the layers
varied with each molding process. The upper skin layer of each injection-molded part was
heated on the stationary side. The prediction results were compared to the experimental
results, which revealed that the average errors between predicted warpage and average
experimental warpage were respectively 7.0%, 3.5%, and 4.4% in CIM, RHCM under
a 60 ◦C heating mold (RHCM60), and RHCM under a 90 ◦C heating mold (RHCM90).
Apart from that, the microstructure and temperature in CIM were symmetrical along the
thickness direction and asymmetrical in RHCM. The predicted warpage was influenced by
crystallinity, and the warpage predicted with crystallinity was greater than the warpage
predicted without crystallinity, especially in RHCM-molded parts.

Furthermore, Li et al. [48] investigated the effect of the weld line on the tensile strength
of RHCM and CIM components. Tensile testing results showed that, for specimens with
a weld line, the strength of the RHCM specimen was significantly higher than that of the
CIM specimen due to the smaller dimensions and higher bonding strength of the weld line.
Moreover, the RHCM specimen’s weld line was smaller than that of the CIM specimen.
Furthermore, the two melt fronts that formed the weld line were welded together better due
to the higher temperature and pressure in the RHCM process compared to the CIM process,
resulting in a higher bonding strength of the weld line. The tensile strength of specimens
without a weld line showed no discernible difference between the two molding processes.
In addition, a thin surface layer of material containing the V-notch at the weld line was
removed from the RHCM and CIM parts to investigate its effect on tensile properties.
When compared to specimens with the original full thickness, thinned out specimens with
a weld line showed improved tensile strength, while specimens without a weld line showed
decreased tensile strength.

On the basis of the results from the previous researchers [48,88], it can be said that the
application of RHCM in CIM has a big impact on the molded part. Previous studies used the
same mold insert for both molding processes. The part molded by RHCM showed greater
warpage predicted with crystallinity compared to that predicted without crystallinity.
Additionally, the strength of the RHCM molded part was higher than that of the CIM
molded part with the same shape and size, while the weld line of the RHCM molded part
was smaller compared to that of the CIM molded part. Thus, it can be concluded that using
RHCM in CIM yields a significant difference in the molded parts produced, demonstrating
that RHCM produces a better result.

6.2. RHCM Technologies

Many studies have been performed to enhance the surface quality of plastic products
by optimizing the process parameters. Contrary to popular belief, optimized parameters do
not eliminate defects, but improve the surface quality of the molded parts. It was recently
discovered that raising the mold surface temperature eliminates defects, increases flow
length, and improves surface quality [43,87,140–144]. RHCM is an innovative technology
that allows for dynamic mold temperature control during the injection molding process.
RHCM technology requirements for the temperature of the heat distortion for the injecting
polymer should be met before the mold cavity is injected. At the ejected temperature,
it must be quickly cooled down. The difference in the mold temperature is significant.
Therefore, if the cooling and heating methods are the same as in conventional methods,
the production cycle must be extended. The RHCM mold is heated and cooled rapidly to
ensure heating and cooling efficiency. Consequently, the structure of the mold differs from
a conventional mold, as does the heating method. Companies such as Foreshot Industrial
Corporation, Taoyuan City, Taiwan and Letoplast S.R.O., Letovice, Czech Republic have
developed and applied RHCM technology, offering the benefits of a perfect product with
a glossy surface that does not require painting [145,146]. Letoplast specializes in the
production of visual and technical plastic parts made of PC-ABS, ABS, PP, PPE, PC, PA6,
and other materials [146]. RHCM technology is used in plastic parts such as network
communication equipment computers/communications/consumer electronics, appearance
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parts, and liquid crystal display televisions (LCD TVs) [145]. This technology allows
engineers, technologists, or mold designers to avoid unnecessary premature melt freezing
throughout the filling stage, which lowers the melt flow resistance and improves the molten
plastic filling capability [38].

Chang and Hwang [147] proposed an infrared heating method for the mold cavity
surface. For thermal surface condition assessment, a transient thermal simulation was
developed. A change in the mold structure is not necessary with this method. This method
has a high construction cost, and it is hard to consistently heat the longitudinal or com-
plex mold cavity. Fischer et al. [148] investigated the effect of a locally different cooling
behavior on the injection molding process of semicrystalline thermoplastics. An innovative
dynamically tempered mold technology with different temperature zones was investi-
gated, allowing the production of thin-wall components with locally different component
properties. The preliminary results showed that, by influencing the inner component prop-
erties, significant differences in the optical and mechanical component properties could be
achieved. On the other hand, Yao and Kim [142] evaluated the benefits of heating the mold
surface through the use of a thin metal coating and thermal insulation. Copper poles were
used to control the temperature by heating the thin metal layer. This method was shown
to be efficient in terms of energy usage and temperature control. However, the complex
coating and tiny parts of the cavity make this process more challenging; in addition, there
are safety hazards, such as in the resistor layer’s insulation, with the resistor having a
limited life time. Table 6 shows some of the studies conducted on RHCM technology.

Chen et al. [39] studied the feasibility, efficiency, and effects of induction heating on the
weld line surface appearance for dynamic mold surface temperature control. A simulation
and experiment were used to analyze the induction heating with the spiral coil coinciding
with the coolant cooling to evaluate its rapid heating/cooling ability and the uniformity of
the mold plate surface temperature. Initially, ANSYS 3D thermal analysis was performed
on a mold plate with a heating source to verify the analytical capabilities and accuracy.
Then, induction heating was performed on the double-gate tensile sample mold to control
the surface temperature of the acrylonitrile butadiene styrene (ABS) melt injection mold
and determine its influence on the surface marking and weld line strength. From the
results, it was indicated that it took 3 s for the center temperature of the plate to rise from
110 ◦C to 180 ◦C and 21 s to rise to 110 ◦C during induction heating and cooling, while,
for the second heating/cooling cycle, it took 4 s to reach 200 ◦C and 21 s to return to 110 ◦C.
The surface temperature of the mold plate could be elevated to around 22.5 ◦C and cooled
to 4.3 ◦C. The study also proved that the temperature-controlled induction heating of the
mold surface also contributed to the elimination of surface markings and to enhancing
the strength of the weld line on injection molded ABS tensile bars. However, this study
did not yield a positive correlation between the heating time by induction heating and the
temperature distribution pattern on mold plates produced by the rapid tooling technique.
Therefore, further investigation is required.
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Table 6. Summary of research on RHCM technologies.

No. Researcher
Plastic

Material Used
Parameter Settings Output Response Technology Used Material for

Mold Inserts
Type of Analysis

Result
Simulation Experiment

1 Chen et al.,
2006 [39] ABS

• Heating stage
(110–180 ◦C and
110–200 ◦C)

• Cooling stage
(180–110 ◦C and
200–110 ◦C)

• Mold temperature
(50 ◦C)

• Surface marks
• Weld line strength

Electromagnetic
induction heating AISI 4130 steel ANSYS Yes

• Heating times, 3–4 s
for mold surface
temperature to rise
from 110 to 180 ◦C
and 200 ◦C, along
with 21 s for cooling
time (return to
110 ◦C)

• Eliminated the
surface marks of the
weld line and
enhanced the
strength of the
related weld line

2
Huang and

Tai, 2009 [43] PMMA

• Mold temperature
(25 ◦C)

• Cooling time (20 s)
• Melt temperature

(260 ◦C)

• Mold surface
temperature

• Replication heights
of LGP’s
microstructures

• Residual stress in
LGP

N/A

Not specified

No Yes

• Induction heating
the mold surface to
110 ◦C could increase
the replication rate of
the microstructure’s
height by up to 95%

• There was no
residual stress in the
LGP produced by
induction heating

• Mold temperature
(80 ◦C)

• Cooling time (20 s)
• Melt temperature

(260 ◦C)

Hot oil No Yes

• Mold temperature
(110 ◦C)

• Cooling time (20 s)
• Melt temperature

(260 ◦C)

Combination of
hot oil and

induction heating
No Yes

• Mold temperature
(110, 130, and 150 ◦C)

• Cooling time (20 s)
• Melt temperature

(260 ◦C)

Induction heating No Yes
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Table 6. Cont.

No. Researcher
Plastic

Material Used
Parameter Settings Output Response Technology Used Material for

Mold Inserts
Type of Analysis

Result
Simulation Experiment

3 Huang et al.,
2010 [44] PMMA

• Injection speed
(180–200 mm/s)

• Packing pressure
(1st stage 50–70 Mpa,
2nd stage 40 Mpa)

• Packing time (4–8 s)
• Mold temperature

(60–80 ◦C)
• Cooling time

(30–40 s)
• Mold surface

temperature
(110–150 ◦C)

• Power rates
• Optimum

processing
parameters

• Quality of
microfeature
heights and angles

Induction heating Ni No Yes

• Optimum process
parameters: injection
speed (180 mm/s)
packing pressure
(70 Mpa), packing
time (8 s), mold
temperature (70 ◦C),
cooling time (30 s),
and mold surface
temperature
(150 ◦C).

• Replication effect on
microfeatures was
significantly
improved by
induction heating

4 Tsai, 2011 [46] ABS

• Two gates, cavity
temperature = 75 ◦C,
no vapor chamber

• Two gates,
cavity = 75 ◦C
temperature, with
vapor chamber

• Two gates, cavity
temperature = 110 ◦C,
with vapor chamber

• One gate, cavity
temperature = 75 ◦C,
no vapor chamber

• Tensile strength
Steam heating

(vapor chamber) P20 mould steel No Yes

• The two gate/vapor
chamber system’s
tensile strength
increased by 3.2%
when preheating
temperatures
increased from 75 to
110 ◦C

5 Wang, 2013
[54]

• ABS/PPMA
Fiber-
reinforced
plastic

• PP + 20%
glass fiber

• Heating time (10, 20,
30, 40, 50, and 60 s)

• Cooling time
(20,30,40, 50,
and 60 s)

• High- and
low-temperature
holding time (10 s)

• Weld line
• Tensile strength

Electric heating
(cartridge heater) AISI H13 ANSYS Yes

• RHCM process could
improve the weld
line factor for both
materials

• RHCM process
reduced the tensile
strength of the part
without weld line
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Table 6. Cont.

No. Researcher
Plastic

Material Used
Parameter Settings Output Response Technology Used Material for

Mold Inserts
Type of Analysis

Result
Simulation Experiment

6 Wang, 2014
[47] PC

• Mold heating time
(18, 24, 25, and 36 s)

• Mold cooling time
(25, 32, 38, and 46 s)

• Weld line Steam heating CENA1
• Moldflow

Insight
• ANSYS

Yes

• Weld marks on the
part surface could be
significantly reduced
by increasing the
cavity surface’s
temperature just
before filling

• Surface gloss of
product produced by
RHCM was more
than 90%.

7 Nian et al.,
2014 [45] Not specified

• Mold temperature
(between 120 and
150 ◦C)

• Thicknesses of the
heated target
(10–20 mm)

• Pitch of the coil turns
(10–20 mm)

• Heating distance
(5–9 mm)

• Position of the
induction coil
(0–12 mm)

• Working frequency
(30–40 kHz)

• Waiting time (2–6 s)

• Heating rate
• Temperature

difference
Induction heating SKD61 COMSOL

Multiphysics Yes

• Heating rate was
increased by 19.5%,
from 3.3 ◦C/s to
4 ◦C/s

• Heating uniformity
was increased by
62.9%

8 Li, 2016 [48] iPP

• Heated mold
temperature for
RHCM (120 ◦C)

• Mold temperature
for CIM (25 ◦C)

• Packing pressure
(50 Mpa)

• Cooling time (30 s)

• Weld line
• Tensile strength

Electric heating
(electrical heating

rods)
Not specified N/A Yes

• Weld line decreased
tensile strength, but
RHCM reduced the
weld line’s tensile
strength reduction
effect.
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Table 6. Cont.

No. Researcher
Plastic

Material Used
Parameter Settings Output Response Technology Used Material for

Mold Inserts
Type of Analysis

Result
Simulation Experiment

9 Xie, 2017 [49]

PP

• Silicon insert surface
temperature (20, 60,
100, and 140 ◦C)

• Melt temperature
(230 ◦C)

• Injection pressure
(30 Mpa)

• Injection speed
(60 mm/s)

• Screw back (20 mm)
• Sample thickness

(0.6 mm)

• Weld line

Electric heating
(thin-film

resistance heater,
graphene coating)

Silicon insert
(coated with

carbide-bonded
graphene)

N/A

Yes

• Width of weld lines:
16.4 µm at 20 ◦C,
11.24 µm at 60 ◦C,
and 5.6 µm at 100 ◦C

• Weld line
disappeared
completely at 140 ◦C

PS

• Silicon insert surface
temperature (20, 40,
80, and 100 ◦C)

• Melt temperature
(200 ◦C)

• Injection pressure
(30 Mpa)

• Injection speed
(5 mm/s)

• Screw back (15 mm)
• Sample thickness

(1 mm)

• Residual internal
stress

• Replication fidelity
Yes

• Residual stress
decreased as the
surface temperature
of silicon insert
increased

• Coating the silicon
insert with
carbide-bonded
graphene could
improve replication
fidelity

10 Liu, 2020 [50] PP with 30% short
glass fiber

• Melt temperature
(240 ◦C)

• Injection pressure
(60 Mpa)

• Injection velocity
(45%)

• Packing time (9 s)
• Packing pressure

(50 Mpa)
• Mold heating

temperature
(60/90/120 ◦C)

• Cooling time (30 s)

• Microstructure
• Tensile properties
• Surface quality

Electric heating
(electrical heating

rods)
Not specified Autodesk

Moldflow Yes

• Tensile strength of
RHCM parts reached
peak at 60 ◦C mold
heating temperature

• The sample’s surface
gloss increased as
the mold cavity
surface temperature
increased, but
decreased as the
mold heating
temperature
increased above
90 ◦C
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Huang and Tai [43] studied the use of induction heating to rapidly heat the mold sur-
face during the injection molding process, thereby improving the microstructure replication
effect of light-guided plates (LGP). First, oil was used to heat the mold to 80 ◦C, and then
induction heating was used to heat the surface of the LGP mold above the glass transition
temperature. Induction heating was implemented to achieve the high mold temperature
essential for the short filling stage throughout the microstructure replication process of
LGP, as well as to rapidly lower the mold temperature in the cooling process, allowing
the molded part to cool faster. The heating coil was a single copper wire used for small
area heating. The geometry of the induction coil is presented in Figure 7. The molded
part of PMMA plastic was a flat LGP of 40 mm × 30 mm, with length and width of 1 mm.
Results from these studies showed that the induction heating system only achieved a
temperature uniformity of 6.7–12.7 ◦C. In addition, the combination of an oil heater (80 ◦C)
and an induction heating system (up to 110 ◦C) offered the best replication performance,
significantly raising the replication ratio up to 95%, which was 6% higher than when the
mold was heated with an oil heater and 7.8% higher than when the mold was left unheated.
Thus, these studies prove that induction heating can improve the LGP microstructure filling
efficiency. However, in this study, only the performance of the heating technology when
heating the mold surface was discussed, without further details on the strength and surface
appearance (weld line) of the molded parts produced. Therefore, a further investigation of
the correlation between heating technology and the properties of the molded part produced
is required.

Huang et al. [44] used the same experimental setup as Huang and Tai [43] to perform
rapid induction heating on the surface of a 2 inch LGP mold, but with a different coil
design, using three-layered copper wire, to study the influence of high mold tempera-
ture in induction heating, as shown in Figure 8, to enhance the replication rate of LGP
microfeatures. The temperature profiles of the Ni heating plate used as the mold insert
in 2 inch LGP were investigated in order to identify the optimal power rate setting in the
induction heating system; these temperature profiles correlated with the different power
rates. Additional testing was carried out to determine the efficiency of the optimal process
parameters defined by the Taguchi method. The ANOVA results indicated that the most
significant parameters affecting the replication ability of microfeatures were the mold
surface temperature and injection speed. As the surface temperature of the mold increased
to 150 ◦C, the replication rate of the average nine-point height of the microfeatures and the
average nine-point angle increased to 91.6% and 98.1%, respectively. However, the effects
on the strength of the molded parts produced and the temperature distribution surface of
the mold insert were not discussed in detail in this study.

Tsai et al. [46] reported the vapor chamber’s effect on part tensile strength, which was
made using plastic (ABS) material in an injection molding process. This experiment was
developed with a copper heat pipe of the flat-plate type. Water was used as the working
fluid. Then, to circulate the working fluid, a copper mesh formed using 50 µm wire with
100/200 mesh pore and a solid copper cylinder with a diameter of 2 mm were used to
support the vacuum and loading forces. The experiment used the shape of the specimen
shown in Figure 9 for tensile testing. The experiment was conducted with two distinct
mold designs, one with a single gate and another with two opposite gates. The cavity
temperature was used as a parameter in the experiment, while the output was the molded
part’s tensile strength. As a result of the weld line, the tensile strength of the test part
formed by the two gate/no vapor chamber heating system was 11.1% lower than that
of the test part formed by the one gate/no vapor chamber heating system (Figure 10).
The two gate/vapor chamber system produced a fine weld line, as well as a tensile strength
6.8% higher than that of the two gate/no vapor chamber system. Furthermore, the tensile
strength increased by 3.2% when the preheating temperature increased from 75 to 110 ◦C
in the two gate/vapor chamber system. Due to the extended fluid flow, the use of the
vapor chamber heating system and the increase in the preheating temperature seemingly
improved the tensile strength of parts molded with two opposing gates. However, despite
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the fact that this study focused on conventional mold steel, additional research on the effect
of heating on the mold insert produced by the rapid tooling technique should be considered.
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Figure 9. Specimen of tensile testing [149].

The heating and cooling system designs of electric heating molds are critical for
RHCM with electric heating because they directly affect the heating/cooling efficiency and
temperature uniformity, which have a decisive influence on the molding cycle and part
quality [127]. Electric heating in RHCM can be accomplished through the deployment of
electrical heating rods and cooling tunnels in the stationary mold, which can be rapidly
heated via electric heating prior to filling and cooled via circulating water after filling [50,88].
In another study, Wang et al. [54] investigated the thermal response of the electric heating
with the deployment of a cartridge heater in rapid heat cycle molding, as well as its impact
on the surface appearance and tensile strength of the molded part. ABS/PPMA and fiber-
reinforced PP were the materials used in the molded part experiment. The mold material
used for the mold holder was HT 350, while that for the mold plate was AISI 1045, and that
for the cavity plate was AISI H13. ANSYS thermal modules were used to investigate the
temperature distribution and thermal response of the cavity surface. The thermal cycling
process caused the surface temperature of the cavity to rise gradually. The maximum
cavity surface temperature in thermal cycling could reach 185 ◦C after 30 experiment
iterations with 60 s of mold heating time and 20 s of mold cooling time. This implied
that the power density of the heater must be high enough to shorten the RHCM molding
cycle by reducing the mold heating time. As the power density of the heater increased
from 15 to 30 W/cm2, the heating time of the cavity surface to be heated from 30 to 120 ◦C
could be decreased from 58 to 19 s. Experimental results showed that, compared with CIM,
the RHCM method reduced the tensile strength of parts without the weld line (Figure 11).
In the case of ABS/PMMA plastics, the tensile strength of the weld line part was also
significantly lowered due to RHCM. The RHCM method enhanced the weld line factor
for ABS/PMMA and 20% glass fiber-reinforced PP. Findings were limited to the effect of
RHCM heating technology on the cavity surface and the parts molded using conventional
mold inserts. Nonetheless, more research into the effect of RHCM heating technology on
mold inserts produced by rapid tooling technique is needed.
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Figure 10. SEM images of one gate and two opposite gates: (a) two opposite gates at the temperature
of 75 ◦C at point O without vapor chamber system; (b) two opposite gates at the temperature of 75 ◦C
at point O with vapor chamber system; (c) two opposite gates at the temperature of 110 ◦C at point
O with vapor chamber system; (d) one gate at the temperature of 75 ◦C at point O without vapor
chamber system [46].
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Wang et al. [47] studied the design of heating/cooling channels for an automotive
interior part, as well as its evaluation in rapid heat cycle molding. Polycarbonate (PC)
material was used for the molded part. The general commercial ANSYS was used to
simulate the transient thermal response of the mold cavity throughout the heating process
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to analyze the efficiencies of the original heating/cooling channel design. The designed
heating/cooling systems with baffles could significantly improve the cavity surface thermal
response efficiency. Steam was used at a temperature of 180 ◦C and a pressure of 1.0 Mpa.
When experimental and simulation results were compared, the reasonable heat transfer
coefficient was determined to be 14,000 W/m2·◦C. Heat exchange occurred between the
cavity plate and the environment via natural air convection. The convective heat transfer
coefficient was determined to be 25 W/m2·◦C. According to the results, the mold time
constant could be lowered from 5 s to 2.5 s, resulting in a 50% decrease in time. Heating
efficiency could be improved by 27.3%. The total surface temperature differences could
be reduced to 20–30 ◦C. Moreover, by increasing the temperature of the cavity surface just
prior to filling, the weld marks on the surface of the part could be significantly reduced
(Figure 12). The weld marks could be completely removed as the cavity surface temperature
approached a critical level. The critical cavity surface temperature of the plastic material
used was approximately 130 ◦C. Findings from this study proved that the surface gloss of
RHCM products was more than 90%. However, further studies on the implementation of
RT in RHCM are required.

Nian et al. [45] studied the key parameters and optimized design of single-layer induc-
tion coils for external rapid mold surface heating by controlling the process parameters of
induction heating (suitable for applications involving mold plates with different thicknesses
and coil positions). Figure 13 depicts the spatial dimensions used in the simulation. An ex-
periment was performed to validate the thickness of the heated workpiece (SKD61) and the
induction coil (copper) position influencing the heating rate and temperature uniformity.
Furthermore, the Taguchi method and principal component analysis were used to identify
the best control factor combination to obtain high heating rates with low temperature
deviations. According to the simulation results, the position of the induction coil and the
thickness of the workpiece were indeed important design parameters. The optimal parame-
ters indicated heating a 10 mm thick workpiece when designing a single-layer induction
coil with a 15 mm turn pitch at a distance of 5 mm from the heating target. Additionally,
the coil position should not be offset, and the operating frequency and waiting time must be
set to 35 kHz and 6 s, correspondingly. Furthermore, the results of the experiments showed
that an optimized design of the induction coil outperformed conventional single-layer coils
in terms of temperature uniformity. The heating rate increased from 3.3 ◦C/s to 4 ◦C/s
(an increase of 19.5%), and the heating uniformity increased by 62.9%. In terms of model
validity, all MAPE values indicated high prediction accuracy. However, other important
tests such as strength tests, as well as an observation of the appearance of the molded part
produced by the induction heated mold surface were not performed.
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Li et al. [48] investigated the effects of the weld line and its structure on tensile strength,
as well as its process dependence, in CIM and RHCM. The specimens were made of isotactic
polypropylene (iPP). Figure 14 shows the dimensions of the dumbbell-shaped specimen;
the thickness was 2.5 mm. An RHCM mold with a maximum clamping force of 3800 kN,
a maximum melt volume of 1239 cm3, and a maximum injection pressure of 182 Mpa was
used to mold the CIM and RHCM parts. Electrical heating rods were used to quickly heat
the mold before filling it; after filling, cooling tunnels cooled the mold with circulating
water. The only parameter used for the experiment was the mold temperature, and the
output was the tensile strength of the weld line on the molded part. According to the results,
the RHCM process reduced the dimensions of the weld line, particularly the width of the
weld line adjacent to the heated stationary half. The tensile strength of dumbbell-shaped
specimens cut from RHCM parts with and without a weld line is shown in Figure 15. Due
to the presence of skin layers or weld lines on both RHCM and CIM specimens, their trends
were similar. The RHCM specimen with the weld line had a higher tensile strength than the
CIM specimen, but the strength without the weld line was remarkably similar. The weld
line reduced the overall tensile strength, while RHCM reduced the decrease in tensile
strength. Meanwhile, in the RHCM process, there was no discernible influence on the
tensile strength of the specimens not having a weld line. The removal of the surface layer
improved the tensile strength of specimens with weld lines but reduced it in specimens
without a weld line. Findings from this study prove that RHCM can reduce the effects of
weld line on the tensile strength. Nonetheless, further studies on the potential of RT in
RHCM are yet to be conducted.
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Xie et al. [49] studied the thermal response of the graphene layer, as well as the impact
of rapid thermal cooling with carbide bonded-graphene coating on molded product defects
such as weld lines, internal stress, and replication fidelity. In this study, the heaters and
heating channels implanted in the CIM were detached. They could be rapidly heated to a
critical temperature by fine-tuning the voltage applied to the carbide-bonded graphene coat-
ing layer, or they could be cooled by a coolant channel. The semicrystalline polymer PP was
used for the weld mark experiments, while PS was used in both the residual stress and the
replication fidelity experiments. According to the results, with increasing voltage, the rate
of heating of the insert surface increased. Once the voltage was set to 240 V, the coating
heated up to 145.6 ◦C in 10 s, indicating that the average and transient heating rates could
reach 11.6 ◦C/s and 16.1 ◦C/s, respectively. Therefore, the graphene coating could act as a
thin-film cavity resistance heater, heating the polymer above Tg in seconds. Additionally,
experimental results indicated that improving the surface temperature of the silicon insert
could reduce the width of weld lines on molded products. If the temperature was high
enough, these lines could also disappear entirely. Figure 16 shows that tensile strength and
tensile elongation yields increased with silicon insert surface temperature. The average
tensile strength and tensile elongation yields for silicon inserts at room temperature were
27.14 MPa and 128.30% respectively. However, at 140 ◦C, the average tensile strength and
tensile elongation yields increased to 37.39 MPa and 468.77%, correspondingly. Findings
from this study concluded that the rapid thermal cooling method could produce sample
plates with uniform size thickness (600 µm) and mold products with fewer weld marks,
less minimal internal stress, and enhanced replication fidelity. The tensile strength and
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tensile elongation yield of the products were increased by 37.77% and 265.11%, respec-
tively, with even less energy consumption. Nonetheless, more research on the temperature
distribution of the cavity surface of the mold insert is needed.
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Liu et al. [50] studied the microstructure, tensile properties, and surface quality of
glass fiber-reinforced PP parts molded by RHCM, using PP with 30% short glass fibers.
The employed electric heating RHCM apparatus consisted of electric heating rods, a K-type
thermocouple sensor, and a mold temperature controller MTS-32II system for measuring,
regulating, and displaying the mold surface heating temperature. In the sample thickness
direction, Autodesk Moldflow was used to evaluate the glass fiber orientation distribution.
The simulation’s material properties and boundary conditions were based on the CIM
and RHCM experiment parameters. RHCM60, RHCM90, and RHCM120 were the sample
mold part designations for the cavities heated to 60, 90, and 120 ◦C. The tensile tests were
conducted according to ASTM D638, and the results showed that, as the cavity surface
temperature increased prior to filling, the tensile strength increased first, before decreasing.
Tensile strength was the highest in the RHCM60 sample, followed by the RHCM90 and CIM
samples, while it was lowest in the RHCM120 sample (Figure 17). These variations were
due to the microstructure of GFRPP composites being highly dependent on the cavity’s
surface temperature. As the cavity surface temperature increased, the thickness of the skin
layer with medium fiber orientation along the flow direction decreased. RHCM samples
had a thicker shear layer than CIM samples, with RHCM60 having the thickest shear layer.
Therefore, the overall crystallinity and fiber orientation of RHCM60 in the cross-section
were greater than those of the CIM sample. When an external force applied tensile load to
the sample, the increase in fiber orientation caused more fibers to bear the load transmitted
by the substrate. The increase in matrix crystallinity indicated an increase in the contact
area between the crystal and amorphous regions, which aided in load transfer from the
matrix to the fiber, resulting in RHCM60 having a higher tensile strength than the CIM
sample. With a weak fiber orientation, the core layer thickness decreased initially, before
increasing; the RHCM120 and RHCM60 samples had the thickest and thinnest core layers,
respectively. It was also reported that the sample’s surface gloss tended to increase as the
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surface temperature of the mold cavity increased, but the changes in surface gloss were
noticeably reduced as the mold heating temperature increased above 90 ◦C. Furthermore,
this study took into account the temperature distribution on the mold cavity surface of
various mold types of mold inserts in CIM and RHCM.

Materials 2022, 15, x FOR PEER REVIEW 31 of 40 
 

 

thickness decreased initially, before increasing; the RHCM120 and RHCM60 samples had 
the thickest and thinnest core layers, respectively. It was also reported that the sample’s 
surface gloss tended to increase as the surface temperature of the mold cavity increased, 
but the changes in surface gloss were noticeably reduced as the mold heating temperature 
increased above 90 °C. Furthermore, this study took into account the temperature distri-
bution on the mold cavity surface of various mold types of mold inserts in CIM and 
RHCM.  

 
Figure 17. Tensile strength of RHCM and CIM samples. 

According to the above review, RHCM has the potential to eliminate weld lines and 
improve surface gloss. The main distinction between RHCM and CIM is that the mold is 
heated and rapidly cooled to the ejection temperature after the filling process. The mold 
is heated above the molten plastic’s glass transition temperature to achieve the optimum 
surface quality on the molded parts. In the reviewed studies, electric heating, induction 
heating and steam heating were extensively used as heating methods in RHCM in order 
to heat the mold in the quickest time. According to the research on parts produced by 
RHCM, it was found that defects caused by weld lines not only affect the surface appear-
ance, but also affect the strength of the molded parts. A lower strength is obtained due to 
the stress concentration point between the V-notch and the weak bonding area, and the 
bonding interface strength at the weld line is not as strong as that in the matrix. In addi-
tion, different levels of mold surface temperature were introduced into RHCM research 
to obtain the optimum molded part quality. However, there is a lack of studies on the 
temperature distribution of the surface of the mold insert, which will give further infor-
mation on the effect of heating on the parts produced. Nevertheless, most of the research 
only focused on using conventional materials as mold inserts, and there is still lack of 
support for and verification of the application of RT in producing mold inserts that are 
less expensive than conventional material molds in the RHCM method. The next section 
in this paper focuses on the effects of RCHM on molded parts. As confirmed in previous 
research, the RHCM method can increase the strength of the molded parts by reducing 
weld lines.  

Figure 17. Tensile strength of RHCM and CIM samples.

According to the above review, RHCM has the potential to eliminate weld lines and
improve surface gloss. The main distinction between RHCM and CIM is that the mold is
heated and rapidly cooled to the ejection temperature after the filling process. The mold
is heated above the molten plastic’s glass transition temperature to achieve the optimum
surface quality on the molded parts. In the reviewed studies, electric heating, induction
heating and steam heating were extensively used as heating methods in RHCM in order to
heat the mold in the quickest time. According to the research on parts produced by RHCM,
it was found that defects caused by weld lines not only affect the surface appearance,
but also affect the strength of the molded parts. A lower strength is obtained due to
the stress concentration point between the V-notch and the weak bonding area, and the
bonding interface strength at the weld line is not as strong as that in the matrix. In addition,
different levels of mold surface temperature were introduced into RHCM research to obtain
the optimum molded part quality. However, there is a lack of studies on the temperature
distribution of the surface of the mold insert, which will give further information on the
effect of heating on the parts produced. Nevertheless, most of the research only focused
on using conventional materials as mold inserts, and there is still lack of support for and
verification of the application of RT in producing mold inserts that are less expensive than
conventional material molds in the RHCM method. The next section in this paper focuses
on the effects of RCHM on molded parts. As confirmed in previous research, the RHCM
method can increase the strength of the molded parts by reducing weld lines.

7. Effect of RHCM on the Molded Parts

Weld lines reduce the strength of injection molded parts; therefore, removing them is
important for producing materials with appropriate structural integrity. However, this has
not been implemented so far. Consequently, some researchers conducted studies to reduce
the four adverse effects of weld lines. The following methods were proposed: optimizing
the composition of the materials, improving the design of the molds, and changing the
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parameters of the injection molding process [39,150]. Furthermore, it is important to
detect weld line defects because they may occur in unexpected areas. During the injection
molding process, two or many flows meet, while the thickness and temperature may
change. Destructive testing can identify these weld line flaws. If no obstacles exist, such
as unforeseen circumstances in molding conditions (flux and temperature) or uneven
materials during injection molding, for a large number of identical products, weld line
defects are expected to occur at the same position [151]. Thermal assistance has become
a popular technique for improving the mechanical properties and aesthetic properties of
molded products during the injection molding process. RHCM is the most famous thermal
assistance method to improve the weld line strength and surface defects (Table 7).

Table 7. Research on improved weld line strength performance and surface quality using RHCM.

No. Authors Plastic Material Heating
Technology Parameters Response Results

1 Wang et al.
[37]

• PS
• PP
• ABS
• ABS/PMMA
• ABS/PMMA/nano-

CaCO3
• FRPP

• Electric
heating

Cavity surface
temperature, Tcs Tensile strength

• The tensile strength for
molded specimens
without weld lines
except for PP was
decreased slightly and
gradually

2 Zhao et al.
[127] • ABS • Electric

heating

Designed of
RHCM mold

structures
Weld marks

• The LCD TV panel did
not have any surface
defects such as flow
marks and weld marks

3 Wang et al.
[54]

• ABS/PPMA
• Fiber-reinforced

plastic, PP + 20%
glass fiber

• Electric
heating

Thermal
responses

• Weld lines
• Tensile

strength

• The RHCM process
could greatly increase
the surface gloss of the
part, especially for the
fiber-reinforced plastics.

• The RHCM process
reduced the tensile
strength of the part
without weld line

Wang et al. [37] investigated the mechanical and aesthetic properties of molded parts
by investigating the effects of cavity surface temperature during the filling phase of the injec-
tion molding process in RHCM. PS, ABS, PP, ABS/polymethylmethacrylate (ABS/PMMA),
reinforced polypropylene glass fiber (FRPP), and ABS/PMMA/nano-CaCO3 were the
materials used. The results showed that the tensile strength of PS, ABS, ABS/PMMA,
ABS/PMMA/nano-CaCO3, and FRPP in the molded samples with or without weld lines
gradually decreased, while the tensile strength of PP was restricted in a small range. Ran-
dom fluctuations increased with the increase in TCS. For the formed samples with weld
lines, with the rise in TCS, the tensile strengths of PS and PP gradually increased, while the
tensile strengths of ABS, ABS/PMMA, ABS/PMMA/nano-CaCO3, and FRPP gradually
decreased. Since its TCS is higher than 100 ◦C, the tensile strength of FRPP with weld lines
reduced gradually as TCS increased.

Zhao et al. [127] investigated the efficiency of the electric heating technology applied
during the RHCM process to heat the mold surface. Two different mold structures were
designed and compared with and without a detached cooling plate for a large LCD TV
panel. As a result, the mold’s heating efficiency with a separate cooling plate was better
than that of the mold without a cooling plate. It was discovered that the panel molded
using the CIM process had visible weld marks as a result of the gating system’s multiple
gates and a low surface gloss. The electric heating RHCM process completely eliminated
the weld marks on the surface of the panel and greatly improved the surface gloss. The high
cavity surface temperature avoided premature melt freezing during filling and packing and
improved polymer molecule chain entanglement for better aesthetics and weld strength.
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Wang et al. [54] studied the impact of RHCM process on surface appearance and
strength on the plastic parts. The cooling channel was placed perpendicular to the cartridge
heater to enhance the structural strength and rigidity of the cavity plate, as shown in
Figure 18. The results showed that the weld lines on the surface of RHCM parts vanished
entirely compared to CIM. The jetting marks were also completely eliminated on RHCM
part surface. Thus, compared to CIM, RHCM could greatly improve surface gloss, especially
for fiber-reinforced plastics. Furthermore, compared to CIM, RHCM reduced the part’s
tensile strength. RHCM decreased the tensile strength of ABS/PMMA plastics by weld
lines. RHCM increased the tensile strength of the parts with weld lines in fiber-reinforced
PP. The RHCM process could increase the weld line factor of ABS/PMMA and 20% glass
fiber-reinforced PP.
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In conclusion, thermal assistance through the use of RHCM is an alternative to in-
creasing the quality of the product by improving its mechanical and aesthetic properties.
In order to obtain reliable and optimum results, more research on this technique needs to be
conducted. For mold manufacturing and injection processes, complex mold configurations
involve an additional cost. However, there are still limited studies available on molds
fabricated using RT in RHCM to better understand the mechanical properties and aesthetic
properties (surface appearance) of the molded part, as most studies focused on the use of
conventional molds in the RHCM process.

8. Summary and Future Works

It can be concluded from the completed review that the RT technique has not been well
established and implemented in RHCM technology. RT provides a faster manufacturing
speed, which lowers costs and saves project time, both of which are critical for successfully
completing testing and moving into full production. The review on various materials in
fabricating mold inserts in RT was studied in terms of several aspects (flexural strength,
hardness, thermal conductivity, tensile strength, compressive strength, density, thermal
diffusivity, and surface roughness). The study found that, by using appropriate materials,
the essential properties of mold insert materials were improved, including excellent machin-
ability and high compressive strength, combined with sufficient toughness, good resistance
to heat and wear, and high thermal conductivity. Furthermore, the review highlighted
the ability of filler particles in epoxy resin to improve the properties of epoxy resin mold
materials according to the application requirements (such as compressive strength, density,
thermal diffusivity, and thermal conductivity).
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Moreover, the effectiveness of RHCM in removing weld lines and improving cosmetic
appearance of the product was discussed, and the efficiencies of conventional mold inserts
in RHCM were also presented. This review highlighted the efficiency of RHCM with
the application of different heating technologies in reducing weld lines and enhancing
the strength of the molded parts produced. However, most of the research only focused
on using conventional mold material as mold insert cavities, and there remains a lack of
support for and verification of the application of RT technique in fabricating mold inserts
involving a lower cost than conventional material molds. Considering the gaps in the
literature, this review proposes the following future work:

• Previous researchers attempted to integrate new compositions of mold insert materials
such as epoxy resin composites containing aluminum (Al) particles as filler to improve
the mechanical properties of the injected parts. Thus, various types of metal fillers that
can be used as fillers in epoxy resin composites should be studied. Studies should be
aimed at looking for a new metal epoxy composites as the mold insert materials in RT
with the best compositions of epoxy resin ratio and metal filler ratio.

• The performance of new metal epoxy composite designs in terms of flexural strength,
hardness, thermal conductivity, tensile strength, compressive strength, density, thermal
diffusivity, and surface roughness must be studied before they can be used as mold
inserts in the injection molding process.

• Previous research on RHCM parts produced with conventional mold inserts discov-
ered that the weld line was reduced while the strength was increased. Thus, there is a
lot of potential in researching the use of mold inserts made by RT in RHCM technology
to yield molded parts with good surface appearance and properties.

• Previous research did not yield a positive correlation between the heating time by
induction heating and temperature distribution pattern on mold plates produced by
the RT technique. Therefore, further investigation is required.

• Lastly, investigating the temperature distribution on the surface of the mold insert is
critical in determining the effect of heating on the molded parts. Thus, further studies
into the temperature distribution on the mold insert surface of different materials of
mold inserts in RHCM should be conducted.
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79. Dobránsky, J.; Bĕhálek, L.; Baron, P. Gate Location and its Impact to Flowing Characteristics of Plastic Moldings. Key Eng. Mater.
2016, 669, 36–43. [CrossRef]

80. Wang, G.; Zhao, G.; Li, H.; Guan, Y. Research on optimization design of the heating/cooling channels for rapid heat cycle molding
based on response surface methodology and constrained particle swarm optimization. Expert Syst. Appl. 2011, 38, 6705–6719.
[CrossRef]

81. Zhou, H.; Zhang, Y.; Wen, J.; Cui, S. Mould cooling simulation for injection moulding using a fast boundary element method
approach. Proc. Inst. Mech. Eng. Part B J. Eng. Manuf. 2009, 224, 653–662. [CrossRef]

82. Calaon, M.; Baruffi, F.; Fantoni, G.; Cirri, I.; Santochi, M.; Hansen, H.N.; Tosello, G. Functional Analysis Validation of Micro and
Conventional Injection Molding Machines Performances Based on Process Precision and Accuracy for Micro Manufacturing.
Micromachines 2020, 11, 1115. [CrossRef]

83. Correia, L.; Brito, A.M.; Faria, L.; Félix, M.J.; Santos, G.; Laranjeira, J.; Simoes, R. Dynamic temperature control influence on
pressure during injection molding of plastic parts to improve part quality. Int. J. Qual. Res. 2020, 14, 635–646. [CrossRef]

84. Zhou, J.A. Design of Injection Mold for a Large LCD TV Panel. Appl. Mech. Mater. 2013, 423–426, 1982–1989. [CrossRef]
85. Hussain, A.R.J.; Alahyari, A.A.; Eastman, S.A.; Thibaud-Erkey, C.; Johnston, S.; Sobkowicz, M. Review of polymers for heat

exchanger applications: Factors concerning thermal conductivity. Appl. Therm. Eng. 2017, 113, 1118–1127. [CrossRef]
86. Ogorodnyk, O.; Martinsen, K.; Ogorodnyk, O.; Martinsen, K. Monitoring and Control for Thermoplastics Injection Molding a

Review. Procedia CIRP 2018, 67, 380–385. [CrossRef]

http://doi.org/10.1109/87.317974
http://doi.org/10.1109/icmlc.2008.4620978
http://doi.org/10.1007/s00170-011-3425-0
http://doi.org/10.4028/www.scientific.net/AMR.538-541.1192
http://doi.org/10.1002/pen.11251
http://doi.org/10.1002/pen.760271802
http://doi.org/10.1002/pen.10249
http://doi.org/10.1002/pen.10598
http://doi.org/10.1557/mrc.2019.147
http://doi.org/10.1081/PTE-200057781
http://doi.org/10.1016/j.measurement.2012.01.039
http://doi.org/10.1016/j.jmatprotec.2014.04.028
http://doi.org/10.1081/PPT-200030276
http://doi.org/10.1007/s00170-009-2149-x
www.ejaet.com
http://doi.org/10.1007/s00170-019-03685-3
http://doi.org/10.1007/s00170-015-8007-0
http://doi.org/10.3390/polym13234126
http://doi.org/10.4028/www.scientific.net/KEM.669.36
http://doi.org/10.1016/j.eswa.2010.11.063
http://doi.org/10.1243/09544054JEM1407
http://doi.org/10.3390/mi11121115
http://doi.org/10.24874/IJQR14.02-19
http://doi.org/10.4028/www.scientific.net/AMM.423-426.1982
http://doi.org/10.1016/j.applthermaleng.2016.11.041
http://doi.org/10.1016/j.procir.2017.12.229


Materials 2022, 15, 3725 37 of 39

87. Wang, G.; Zhao, G.; Li, H.; Guan, Y. Research of thermal response simulation and mold structure optimization for rapid heat
cycle molding processes, respectively, with steam heating and electric heating. Mater. Des. 2010, 31, 382–395. [CrossRef]

88. Li, J.; Bei, J.; Liu, W.; Xia, X.; Zhou, B.; Peng, X.; Jiang, S. Warpage Prediction of RHCM Crystalline Parts Based on Multi-Layers.
Polymers 2021, 13, 1814. [CrossRef]

89. De Santis, F.; Pantani, R. Development of a rapid surface temperature variation system and application to micro-injection molding.
J. Mater. Process. Technol. 2016, 237, 1–11. [CrossRef]

90. Wang, G.; Hui, Y.; Zhang, L.; Zhao, G. Research on temperature and pressure responses in the rapid mold heating and cooling
method based on annular cooling channels and electric heating. Int. J. Heat Mass Transf. 2018, 116, 1192–1203. [CrossRef]
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104. Jurković, M.; Mahmić, M.; Jurković, Z. Evolution and Application of Rapid Prototyping Technologies. J. Technol. Plast. 2005, 30,

1–2.
105. Kerkstra, R. “TOOLING: How to Select the Right Tool Steel for Mold Cavities”, Plastic Technology. 2016. Available online:

https://www.ptonline.com/articles/tooling-how-to-select-the-right-tool-steel-for-mold-cavities (accessed on 30 October 2020).
106. Atesmesh, “Mold Design and Tooling for Injection Molding”, Design World. 2013. Available online: https://www.

designworldonline.com/mold-design-tooling-for-injection-molding (accessed on 30 October 2020).
107. Jaycon Systems. “Injection Mold Tooling Materials: Aluminum vs. Steel|by Jaycon Systems|Jaycon Systems|Medium”, Jaycon

Systems. 2017. Available online: https://medium.com/jaycon-systems/injection-mold-tooling-materials-aluminum-vs-steel-
7b5f64ee1112 (accessed on 30 October 2020).

108. Ozcelik, B.; Ozbay, A.; Demirbas, E. Influence of injection parameters and mold materials on mechanical properties of ABS in
plastic injection molding. Int. Commun. Heat Mass Transf. 2010, 37, 1359–1365. [CrossRef]

109. Lau, J. The Types of Mold Base for Plastic Injection Mold. Available online: https://www.injectionmould.org/2019/03/23/the-
types-of-mold-base/ (accessed on 1 May 2022).

110. Asnafi, N. Application of Laser-Based Powder Bed Fusion for Direct Metal Tooling. Metals 2021, 11, 458. [CrossRef]
111. ASSAB, ASSAB Tool Steel for Plastic Moulding. 2019. Available online: https://www.assab.com/app/uploads/sites/133/2019

/05/ASSAB_Plastic-Mould_EN.pdf (accessed on 28 October 2021).
112. Britton, P.W. Considerations for Mold Base Material Selection; International Mold Steel, Inc.: Hebron, KY, USA, 2013; Available online:

https://www.moldmakingtechnology.com/articles/considerations-for-mold-base-material-selection (accessed on 28 October 2021).
113. Raus, A.A.; Wahab, M.S.; Ibrahim, M.; Kamarudin, K.; Ahmed, A.; Sáude, N. A Comparative Study of Mould Base Tool Materials

in Plastic Injection Moulding to Improve Cycle Time and Warpage Using Statistical Method. J. Mech. Eng. 2017, 4, 1–17.
114. Tang, S.; Tan, Y.; Sapuan, M.S.; Sulaiman, S.; Ismail, N.; Samin, R. The use of Taguchi method in the design of plastic injection

mould for reducing warpage. J. Mater. Process. Technol. 2007, 182, 418–426. [CrossRef]
115. Menges, G.; Michaeli, W.; Mohren, P.; Menges, G.; Michaeli, W.; Mohren, P. How to Make Injection Molds, 3rd ed.; Hanser Gardner

Publications, Inc.: Cincinnati, OH, USA, 2001.
116. Zhong, Z.; Khoo, L.; Han, S. Prediction of surface roughness of turned surfaces using neural networks. Int. J. Adv. Manuf. Technol.

2006, 28, 688–693. [CrossRef]

http://doi.org/10.1016/j.matdes.2009.06.010
http://doi.org/10.3390/polym13111814
http://doi.org/10.1016/j.jmatprotec.2016.05.023
http://doi.org/10.1016/j.ijheatmasstransfer.2017.09.126
http://doi.org/10.3390/polym13010091
http://doi.org/10.1016/j.cirp.2016.05.004
http://doi.org/10.1016/j.jmatprotec.2007.04.086
http://doi.org/10.1108/13552541011065704
http://doi.org/10.1016/S0924-0136(00)00613-0
http://doi.org/10.1108/13552540910979794
http://doi.org/10.1007/s001700050108
http://doi.org/10.1108/13552549810210248
http://doi.org/10.4028/www.scientific.net/AMM.735.13
http://doi.org/10.1080/17452750903438676
http://doi.org/10.1016/j.proeng.2013.08.275
http://doi.org/10.1007/s00170-010-2546-1
https://www.ptonline.com/articles/tooling-how-to-select-the-right-tool-steel-for-mold-cavities
https://www.designworldonline.com/mold-design-tooling-for-injection-molding
https://www.designworldonline.com/mold-design-tooling-for-injection-molding
https://medium.com/jaycon-systems/injection-mold-tooling-materials-aluminum-vs-steel-7b5f64ee1112
https://medium.com/jaycon-systems/injection-mold-tooling-materials-aluminum-vs-steel-7b5f64ee1112
http://doi.org/10.1016/j.icheatmasstransfer.2010.07.001
https://www.injectionmould.org/2019/03/23/the-types-of-mold-base/
https://www.injectionmould.org/2019/03/23/the-types-of-mold-base/
http://doi.org/10.3390/met11030458
https://www.assab.com/app/uploads/sites/133/2019/05/ASSAB_Plastic-Mould_EN.pdf
https://www.assab.com/app/uploads/sites/133/2019/05/ASSAB_Plastic-Mould_EN.pdf
https://www.moldmakingtechnology.com/articles/considerations-for-mold-base-material-selection
http://doi.org/10.1016/j.jmatprotec.2006.08.025
http://doi.org/10.1007/s00170-004-2429-4


Materials 2022, 15, 3725 38 of 39

117. Zhong, Z.W. Recent Advances in Polishing of Advanced Materials. Mater. Manuf. Process. 2008, 23, 449–456. [CrossRef]
118. Wan, Y.H.; Wang, G. Polishing Robot: Status and Outlook. Adv. Mater. Res. 2009, 69–70, 311–315. [CrossRef]
119. Kim, H.-S.; Kim, S.-I.; Lee, K.-I.; Lee, D.-H.; Bang, Y.-B.; Lee, K.-I. Development of a programmable vibration cutting tool for

diamond turning of hardened mold steels. Int. J. Adv. Manuf. Technol. 2009, 40, 26–40. [CrossRef]
120. Stavax, U. Stavax Esr. Alloy Dig. 1989, 38. [CrossRef]
121. Chiang, K.-T.; Chang, F.-P. Analysis of shrinkage and warpage in an injection-molded part with a thin shell feature using the

response surface methodology. Int. J. Adv. Manuf. Technol. 2007, 35, 468–479. [CrossRef]
122. Nasir, S.; Ismail, K.; Shayfull, Z. Application of RSM to Optimize Moulding Conditions for Minimizing Shrinkage in Thermoplastic

Processing. Key Eng. Mater. 2016, 700, 12–21. [CrossRef]
123. Xiao, C.-L.; Huang, H.-X. Development of a rapid thermal cycling molding with electric heating and water impingement cooling

for injection molding applications. Appl. Therm. Eng. 2014, 73, 712–722. [CrossRef]
124. Sateesh, N.; Reddy, S.D.; Kumar, G.P.; Subbiah, R. Optimization of Injection Moulding Process in Manufacturing the Top Cap of

Water Meter. Mater. Today Proc. 2019, 18, 4556–4565. [CrossRef]
125. Chung, C.-Y. Integrated Optimum Layout of Conformal Cooling Channels and Optimal Injection Molding Process Parameters for

Optical Lenses. Appl. Sci. 2019, 9, 4341. [CrossRef]
126. Okubo, K.; Tanaka, S.; Ito, H. The effects of metal particle size and distributions on dimensional accuracy for micro parts in micro

metal injection molding. Microsyst. Technol. 2010, 16, 2037–2041. [CrossRef]
127. Zhao, G.; Wang, G.; Guan, Y.; Li, H. Research and application of a new rapid heat cycle molding with electric heating and coolant

cooling to improve the surface quality of large LCD TV panels. Polym. Adv. Technol. 2011, 22, 476–487. [CrossRef]
128. Sánchez, R.; Martinez, A.; Mercado, D.; Carbonel, A.; Aisa, J. Rapid heating injection moulding: An experimental surface

temperature study. Polym. Test. 2021, 93, 106928. [CrossRef]
129. Hopkinson, N.; Dickens, P. A comparison between stereolithography and aluminium injection moulding tooling. Rapid Prototyp.

J. 2000, 6, 253–258. [CrossRef]
130. Harris, R.; Newlyn, H.; Hague, R.; Dickens, P. Part shrinkage anomilies from stereolithography injection mould tooling. Int. J.

Mach. Tools Manuf. 2003, 43, 879–887. [CrossRef]
131. Ferreira, J. Manufacturing core-boxes for foundry with rapid tooling technology. J. Mater. Process. Technol. 2004, 155–156,

1118–1123. [CrossRef]
132. Gibbons, G.J.; Hansell, R.G. Direct tool steel injection mould inserts through the Arcam EBM free-form fabrication process. Assem.

Autom. 2005, 25, 300–305. [CrossRef]
133. Ong, H.; Chua, C.; Cheah, C. Rapid Moulding Using Epoxy Tooling Resin. Int. J. Adv. Manuf. Technol. 2002, 20, 368–374.

[CrossRef]
134. Kovács, J.G.; Bercsey, T. Influence of Mold Properties on the Quality of Injection Molded Parts. Period. Polytech. Mech. Eng. 2005,

49, 115–122. Available online: https://pp.bme.hu/me/article/view/1346/750 (accessed on 30 October 2020).
135. Rossi, S.; Deflorian, F.; Venturini, F. Improvement of surface finishing and corrosion resistance of prototypes produced by direct

metal laser sintering. J. Mater. Process. Technol. 2004, 148, 301–309. [CrossRef]
136. Tomori, T.; Melkote, S.; Kotnis, M. Injection mold performance of machined ceramic filled epoxy tooling boards. J. Mater. Process.

Technol. 2004, 145, 126–133. [CrossRef]
137. Senthilkumar, N.; Kalaichelvan, K.; Elangovan, K. Mechanical behaviour of aluminum particulate epoxy composite-experimental

study and numerical simulation. Int. J. Mech. Mater. Eng. 2012, 7, 214–221.
138. Khushairi, M.T.M.; Sharif, S.; Jamaludin, K.R.; Mohruni, A.S. Effects of Metal Fillers on Properties of Epoxy for Rapid Tooling

Inserts. Int. J. Adv. Sci. Eng. Inf. Technol. 2017, 7, 1155. [CrossRef]
139. Kuo, C.-C.; Lin, J.-X. Fabrication of the Fresnel lens with liquid silicone rubber using rapid injection mold. Int. J. Adv. Manuf.

Technol. 2019, 101, 615–625. [CrossRef]
140. Chen, S.-C.; Lin, Y.-W.; Chien, R.-D.; Li, H.-M. Variable mold temperature to improve surface quality of microcellular injection

molded parts using induction heating technology. Adv. Polym. Technol. 2008, 27, 224–232. [CrossRef]
141. Wadhwa, R.R.; Kim, B.H. Experimental Results of Low Thermal Inertia Molding. I. Length of Filling. Polym. Technol. Eng. 1988,

27, 509–518. [CrossRef]
142. Yao, D.; Kim, B. Development of rapid heating and cooling systems for injection molding applications. Polym. Eng. Sci. 2002, 42,

2471–2481. [CrossRef]
143. Saito, T.; Satoh, I.; Kurosaki, Y. A new concept of active temperature control for an injection molding process using infrared

radiation heating. Polym. Eng. Sci. 2002, 42, 2418–2429. [CrossRef]
144. Yao, D.; Chen, S.-C.; Kim, B.H. Rapid thermal cycling of injection molds: An overview on technical approaches and applications.

Adv. Polym. Technol. 2008, 27, 233–255. [CrossRef]
145. FORESHOT, “RHCM|Plastic Injection Molding Manufacturer”. Available online: https://www.foreshot.com.tw/en/product/

rhcm_rapid-heat-cycle-molding.html (accessed on 29 April 2022).
146. Letoplast, “Injection Moulding”. Available online: https://www.letoplast.cz/en/technologies/injection-moulding/ (accessed on

29 April 2022).
147. Chang, P.-C.; Hwang, S.-J. Simulation of infrared rapid surface heating for injection molding. Int. J. Heat Mass Transf. 2006, 49,

3846–3854. [CrossRef]

http://doi.org/10.1080/10426910802103486
http://doi.org/10.4028/www.scientific.net/AMR.69-70.311
http://doi.org/10.1007/s00170-007-1311-6
http://doi.org/10.31399/asm.ad.ss0507
http://doi.org/10.1007/s00170-006-0739-4
http://doi.org/10.4028/www.scientific.net/KEM.700.12
http://doi.org/10.1016/j.applthermaleng.2014.08.027
http://doi.org/10.1016/j.matpr.2019.07.430
http://doi.org/10.3390/app9204341
http://doi.org/10.1007/s00542-010-1122-9
http://doi.org/10.1002/pat.1536
http://doi.org/10.1016/j.polymertesting.2020.106928
http://doi.org/10.1108/13552540010373353
http://doi.org/10.1016/S0890-6955(03)00080-4
http://doi.org/10.1016/j.jmatprotec.2004.04.407
http://doi.org/10.1108/01445150510626433
http://doi.org/10.1007/s001700200165
https://pp.bme.hu/me/article/view/1346/750
http://doi.org/10.1016/j.jmatprotec.2003.02.001
http://doi.org/10.1016/S0924-0136(03)00881-1
http://doi.org/10.18517/ijaseit.7.4.2480
http://doi.org/10.1007/s00170-018-2964-z
http://doi.org/10.1002/adv.20133
http://doi.org/10.1080/03602558808081144
http://doi.org/10.1002/pen.11133
http://doi.org/10.1002/pen.11128
http://doi.org/10.1002/adv.20136
https://www.foreshot.com.tw/en/product/rhcm_rapid-heat-cycle-molding.html
https://www.foreshot.com.tw/en/product/rhcm_rapid-heat-cycle-molding.html
https://www.letoplast.cz/en/technologies/injection-moulding/
http://doi.org/10.1016/j.ijheatmasstransfer.2006.04.014


Materials 2022, 15, 3725 39 of 39

148. Fischer, C.; Jungmeier, A.; Peters, G.; Drummer, D. Influence of a locally variable mold temperature on injection molded thin-wall
components. J. Polym. Eng. 2018, 38, 475–481. [CrossRef]

149. Miller, A.; Brown, C.; Warner, G. Guidance on the Use of Existing ASTM Polymer Testing Standards for ABS Parts Fabricated
Using FFF. Smart Sustain. Manuf. Syst. 2019, 3, 122–138. [CrossRef]

150. Selden, R. Effect of processing on weld line strength in five thermoplastics. Polym. Eng. Sci. 1997, 37, 205–218. [CrossRef]
151. Oh, G.-H.; Jeong, J.-H.; Park, S.-H.; Kim, H.-S. Terahertz time-domain spectroscopy of weld line defects formed during an injection

moulding process. Compos. Sci. Technol. 2018, 157, 67–77. [CrossRef]

http://doi.org/10.1515/polyeng-2017-0100
http://doi.org/10.1520/SSMS20190051
http://doi.org/10.1002/pen.11663
http://doi.org/10.1016/j.compscitech.2018.01.030

	Introduction 
	Injection Molding Process 
	Rapid Tooling 
	Materials for Injection Mold 
	Mold Base Material 
	Mold Insert Material 
	Mold Inserts for Conventional Injection Molding 
	Mold Inserts for Rapid Heat Cycle Molding 
	Mold Inserts for Rapid Tooling 


	Rapid Heat Cycle Molding 
	RHCM versus Conventional Injection Molding 
	Application of RHCM in CIM 
	RHCM Technologies 

	Effect of RHCM on the Molded Parts 
	Summary and Future Works 
	References

