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ARTICLE INFO ABSTRACT

Keywords: Optimizing energy consumption in injection molding is crucial for process sustainability, particularly in thermal
Injection molding energy management. This study presents an innovative hybrid mold design conceived to address three main
Mold

drivers: 1) reducing the mold thermal-conductive mass; 2) introducing thermal insulation of the mold core; 3)
reducing the mold weight. This novel concept, characterized by an optimized design with polymer structural
components, was benchmarked against a conventional steel mold through transient thermal analyses under
various initial conditions. Experimental and numerical analyses using COMSOL Multiphysics were performed to
evaluate the thermal behavior of the molds during successive injection cycles. The numerical model demon-
strated good predictive capability, with temperature deviations below 5 °C when compared with experimental
measurements under different operating conditions. The results demonstrated that the hybrid molds significantly
improved heat retention within the steel insert, achieving up to 50% higher steady-state temperatures, thereby
reducing energy demand to maintain the desired thermal conditions. Furthermore, the sharply reduced thermal-
conductive core mass shortens the duration of thermal transients, achieving higher thermal mold sensitivity. The
feasibility of the injection molding with the novel hybrid mold was demonstrated. The deviations measured in
the sample dimensions are in the range of (—2, —6)%, thus consistent with the nominal material shrinkage and
the different thermal regimes. The achieved average weight reduction on support plates is about 88%, resulting
in lower mechanical energy requirements for the opening/closing steps in molding cycles and facilitating mold
handling during product turnover operations.

Energy efficiency
Process sustainability
Process simulation

1. Introduction reveals that total cycle time is the primary factor affecting overall energy

usage, with cooling time representing the most significant part [4,5].

Injection molding is the most widely recognized process for high-
volume plastic and composite product manufacturing, due to its mate-
rial versatility and geometric complexity [1]. However, it is also a sig-
nificant energy-consuming process. In the context of growing demands
for energy efficiency and sustainable manufacturing, optimizing the
process, and in particular thermal aspects, has become of paramount
importance [2,3].

A global assessment of energy consumption in injection molding
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Therefore, reducing cooling time leads to a reduction of cycle time and
energy consumption. This was also confirmed by a quantitative analysis
of the mold cooling systems, highlighting the relevant mold design pa-
rameters to increase the effectiveness of the cooling and the overall
energy efficiency of the process [6]. Thus, in traditional injection
molding, properly managing the cooling phase becomes central to
reducing energy consumption. A key strategy for this purpose is to
optimize the thermal energy distribution within the mold [7,8]. For this
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purpose, the optimization of thermal energy transfer and harvesting in
molds is required. Minimizing thermal energy dispersion means
reducing heat loss to the environment and improving the overall thermal
isolation of the mold system. The study of heat transfer within the mold
and to the surrounding environment is of the utmost importance for
minimizing energy waste. The thermal conductivity of mold materials
significantly influences the system's thermal behavior. Therefore, opti-
mization must address two main challenges: 1) Mold temperature con-
trol with high-efficiency heating and cooling; 2) minimizing thermal
energy dispersion and waste.

Recently, some innovative methods were developed to process new
materials, enhance equipment, improve product quality, increase pro-
ductivity, reduce production costs, and minimize the environmental
impact [1]. These studies remark on the importance of energy efficiency
and the central relevance of molds (i.e., design, materials, precision) as
the process's core component [2,3]. Hereafter, the current research and
technology trends in the field are briefly discussed.

1.1. Variable mold temperature

A major research line in injection molding is related to temperature
control and distribution. Variable mold temperature techniques, also
known as Variotherm mold technologies, were developed based on the
principle that ideal molding conditions require a hot mold during the
injection phase and a cold mold during the cooling phase [9]. Therefore,
a temperature control system for both mold heating and cooling is
needed: temperature measurements, heating, and cooling actuations.

Mold cooling is a well-established technique in conventional injec-
tion molding, while mold heating techniques have been introduced only
recently. However, these process conditions have opposite effects on the
cycle time: heating increases its duration, while cooling reduces it.
Another important consideration is the effectiveness of heating, which is
advantageous if the filling time is long, but becomes harmful in very fast
filling. This is particularly true in micro-injection molding, where the
injected mass is very small or in cases requiring high injection velocity.

Mold heating is essential to reduce specific molding defects, such as
weld lines, and it also improves the surface quality of products and re-
duces molding pressure, residual stress, and clamping force. Several
solutions were proposed to achieve these benefits, including circulation
inside the mold of hot water, oil, or steam, or by using electric and
electromagnetic induction heating, flame heating, and infrared heating
[2,9].

However, all these solutions worsen process productivity and energy
management. Indeed, the increase in the mold temperature also in-
creases both the cycle time and the energy demand. Rapidly heating and
cooling of massive parts is time-consuming and wastes energy, and this
has significantly limited the application of the Variotherm concepts. To
overcome these drawbacks, localized heating of mold portions during
the injection was recently proposed [9], utilizing some thermal insu-
lation layers embedded into the mold. However, these solutions signif-
icantly increase mold and process complexity, with negative effects on
production costs.

1.2. — Mold cooling efficiency

Enhancing mold cooling effectiveness ensures rapid and uniform
heat extraction from the molten polymer [1,2,9]. Thus, the mold design
must consider this aspect by carefully evaluating geometry, material,
and cooling channel layout.

Traditionally, in conventional steel molds, cooling channels are
manufactured by drilling several straight holes within the mold core and
around the cavity. This approach results in variable offset distances
between the circular cooling channels and the complex-shaped mold
cavity, leading to non-uniform heat extraction. Conformal cooling
channels emerged as a superior solution to overcome this limitation and
achieve more uniform cooling.
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With their three-dimensional evolution and optimized cross-sections,
these channels ensure uniform and effective heat removal across the
cavity surface. Conformal cooling in bulk mold components is enabled
by Additive Manufacturing (AM) [7,10-13] or by rapid tooling tech-
nologies [14,15]. When achieved with a hybrid additive/subtractive
manufacturing approach, these solutions also become economically
sustainable, combining conventionally pre-fabricated base workpieces,
as a build platform, with additively generated functional features of
minimized volume [16-18].

1.3. - Soft molds and additive manufacturing

While high-strength stainless steels are conventionally used to
fabricate all mold components, the advent of AM has opened new sce-
narios [19-21]. Among these developments, several studies discuss soft
mold inserts (or plates) with cavities made of polymers or composites via
AM technologies, but maintaining a conventional steel mold base to
guarantee the required mechanical stiffness and strength [20-23].

The main advantage of this approach is to shorten the product
development and time to market by prototyping or producing a pre-
series (below one hundred) of functional parts for testing and market-
ing purposes. For example, the feasibility and related limitations of
polymer resins for injection mold fabrication were verified in [20]. Two
photopolymer resins were used to fabricate 3D-printed mold inserts with
cavities via stereolithography (SLA) to replace traditional steel molds.
The thermal properties of resins and the cooling phase negatively affect
some mechanical properties of the molded part (specifically reducing
elongation at break) and extend the overall cycle time.

However, the resin thermal conductivity was not sufficient to ach-
ieve the requested part quality. Moreover, resin mold inserts are suitable
for prototypes or small batches only due to mechanical limitations.
Indeed, polymer or composite soft mold inserts exhibit cracking and
chipping failure mechanisms due to their brittle behavior, thus limiting
the number of molding cycles [20-22]. High strength and stiffness are
often accompanied by high brittleness, which results in a low mold
lifetime. Furthermore, concerning the thermal properties, the used
materials have a heat deflection temperature (HDT) below 200 °C
(ASTM D648-16), and they suffer erosion by melting of the cavity sur-
face due to the high temperature of the injected polymer [20,21].

However, this approach does not improve the thermal regimes and
the efficiency of the injection molding process, making the cooling phase
sharply less efficient or completely inefficient, and therefore not
implemented. In these cases, the cooling is obtained without circulating
coolant in the mold, but by prolonging the cooling time, keeping the
mold at temperatures below the material's glass transition temperature
(Tg). This also results in higher cycle time, lower efficiency, and reduced
productivity.

1.4. - Motivations, approach and novelty

Leveraging insights from these previous results, this study discusses a
different research approach to overcome the limitations of prior mold
design.

The main focus of this work is energy management and injection
molding efficiency. These two objectives were pursued through a novel
mold design, guided by three key drivers: KD1) Reduction of the ther-
mally conductive mold core mass; KD2) Thermal insulation of the mold
core; KD3) Mold weight reduction.

KD1 and KD2 guarantee faster thermal transients (KD1) and reduced
heat dispersion (KD2), but these two key drivers are interdependent, as
the reduced thermally-conductive mass is obtained with polymers,
which also act as mold core thermal insulation. The KD3 is achieved
with polymers for the mold large component (i.e., support plates),
together with FEM-based and topology optimization of the components.
KD3 reduced the mechanical energy required for mold motion during
injection molding cycles and for handling during production turnover.
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The novel mold concept was conceived with an apparently coun-
terintuitive criterion: steel mold inserts with polymeric structural base
mold components. The counterintuition is that polymers are apparently
not suitable for mold structural components.

Finally, it is not negligible the contribution of this work to the Var-
iotherm solution. In fact, in this case, more thermally reactive molds,
characterized by faster thermal transients, are required to rapidly follow
the thermal actuation required in Variotherm (e.g., high cavity tem-
perature in injection and efficient cooling). The proposed concept
significantly contributes to this targeted thermal behavior, enhancing
Variotherm's performance, thereby improving quality and production
rates in injection molding.

Therefore, a novel mold structure, composed of steel mold inserts
(with cavities and cooling channels) and polymeric/composite base
mold components, is proposed. These new hybrid molds do not offer the
advantages of the conventional approach (i.e., rapid prototyping and
small batches of products), but they also do not suffer from the associ-
ated drawbacks (i.e., thermal and mechanical weaknesses, poor part
quality, inefficient cooling, extended cycle time). Indeed, they introduce
new relevant advantages: mold thermally conductive mass, thermal
insulation and lightweight design. This is an original approach since no
previous works were found in the literature or known applications uti-
lizing this structure.

Maintaining a steel mold core with the cavity made by AM tech-
nologies allows for achieving the advantages of conformal cooling and
reduced cycle times. Indeed, polymeric/composite mold base compo-
nents change the thermal behavior of the mold and the process, since
they do not participate in thermal conduction and heat transfer. Beyond
thermal benefits, using polymers and composites for mold components
allows the design of lightweight molds with additional advantages in
terms of mechanical energy savings during mold motion (opening/
closing) and production turnover phases [23]. Finally, this new concept
exploits all the advantages of additive manufacturing, such as full-
digitalized design, increased mold geometry complexity and design
freedom, thus enabling highly efficient conformal cooling. This
comprehensive approach potentially represents a step towards a more
sustainable injection molding process. Indeed, by both reducing the
mold thermal conductive mass and introducing the thermal insulation

Steel mold insert
with cavities,
cooling circuit,

MOLD EJECTION SIDE
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for the mold core, this approach contributes to the development of a
more efficient variotherm technique and conformal cooling system.
Hereafter, conventional and innovative molds are compared in terms of
materials, structure and energy consumption. The current technology
baseline is depicted in Fig. 1.

In conventional molds (CM), all components are made of bulk steel.
The heat also flows from the injected polymer to the mold (Fig. 1). A
quote of heat is extracted from the mold (q; and g2) by means of a water-
cooling system (i.e., channels manufactured by drilling the bulk steel),
see Fig. 1, b. An external chiller continuously cools down the water and
controls its temperature, thus requiring additional electrical energy.
Another quote of heat (g5 and g4) is wasted in the surrounding envi-
ronment. The new approach is depicted in Fig. 2.

In unconventional hybrid molds (HM) design, the mold inserts are
fabricated of steel, while the base mold components are made of
thermal-insulating polymers or composites (Fig. 2, a). In this new
concept, the heat (¢; and g2) is efficiently extracted from the mold in-
serts via conformal cooling channels, see Fig. 2, b. The heat does not
flow in the surrounding environment because of the adiabatic interface
between mold inserts and thermal-insulating base mold components,
hindering conduction and convection heat transfer mechanisms. In this
new concept, the extracted heat is moreover reused in other phases of
the process, such as material drying or pre-heating, or heating injection
machine subsystems. The residual heat is finally absorbed by the chiller.

It is worth remarking that the novelty of the hybrid mold is not just
the combination of two different materials (steel and polymers), but a
structured solution, where an optimized mold mechanical structure in-
cludes components made of different engineered materials, to enable
enhanced thermal mold behavior (faster thermal transient, lower heat
dispersion, lightweight mold). The enhanced mold behavior results in
many advantages: 1) higher production rate (lower cycle times obtained
with reduced cooling time); 2) Lower thermal energy waste by reducing
the heat dispersion with the surrounded environment; 3) Faster molding
startup; 4) lower heat extraction requirements for cooling; 5) lower
mechanical energy for mold motion (opening/closing) within the
molding cycle; 6) Lower mechanical energy committed for mold
handling and change in production turnover.

This study aims to evaluate new multi-material hybrid molds using

1
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Fig. 1. Schematic of the Conventional mold (CM) design (a) and heat transmission scheme (b).
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Fig. 2. Schematic of the unconventional hybrid mold (HM) design (a) and heat transmission scheme (b).

unconventional materials to optimize thermal energy management in
the injection molding process. The experimental campaign was con-
ducted to assess heat transfer dynamics, thermal transients' evolution,
and overall energy benefits using both multi-material hybrid and con-
ventional steel molds. Furthermore, the resulting experimental data
were used to calibrate and validate a thermal numerical model. This
model will be a powerful tool for mold performance assessment and
design optimization, directly contributing to enhanced operating energy
efficiency and sustainable manufacturing. Considering the approach
depicted in Fig. 2, this work is focused on thermal transients and regimes
in molding. It explores the advantages of thermal insulation of the mold
core, comparing conventional and innovative molding processes,
without the implementation of cooling. The paper is structured as fol-
lows: Section 2 presents materials, methods, and the experimental pro-
cedure, Section 3 is dedicated to the development of numerical modeling
and simulations. Section 4 presents results and discussion, and Section 5
provides the conclusions of the work.

2. Mold design and fabrication
2.1. Mold design

In this work, the multi-cavity steel insert allows the production of
two mini dog bone tensile samples with a thickness of 1 mm, length of

12 mm, and width of 1.5 mm in the narrow region and 3 mm in the
larger one (Fig. 3) [24]. The total molded mass is about 78 mg, including
sprue, cold runner channels, and cavities.

The mold inserts are assembled in two support plates on the injection
(ISP) and ejection (ESP) sides. The conventional mold has bulky steel
support plates, whereas the hybrid mold has mixed bulk-lattice poly-
meric support plates. The schematic of the two mold configurations is
reported in Fig. 4).

Basically, in both molds - CM and HM - two main functions are
requested of the support plates: 1) to keep the mold inserts in position; 2)
to contribute to the mold guiding system, by assembling and coupling
columns and bushes.

Support plates do not experience the high mechanical stresses that
arise during the molding cycle (e.g., the clamping force exerted by the
injection molding machine and the forces generated during the filling
and holding phases). Indeed, the clamping force is transmitted from the
ejection to the injection side through the steel mold inserts and the steel
end plates behind the support plates. Mechanical stress arises in support
plates due to forces transmitted by the couplings between columns and
bushes during mold opening and closing. However, this stress is ex-
pected not to be critical, as both columns and bushes are assembled
within the steel end plates.

These considerations are schematized in Fig. 5, where the mold's
cross-sections show both clamping force transfer (a) and guiding

@1,08

Fig. 3. Mold cavity design (a) [24] and steel mold inserts, ejection and injection side (b).
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EJECTION INJECTION
SIDE steeLmolp  SIPE
INSERTS
B T N B R e N - - =}

INJECTION END

\ f PLATE (IEP)

EJECTION INJECTION SUPPORT
SUPPORT PLATE (ESP) PLATE (ISP)

EJECTION END
PLATE (EEP)

Fig. 4. Schematic section of two setups with different mold support plates
(orange): CM with steel mold plates; HM with polymer mold plates. Both with
steel mold inserts on both sides.

components reference positions (b). Note that there is no direct contact
between the two support plates. A gap is present between them. On the
contrary, mold inserts are compressed between the two end plates (EEP-
IEP) by the clamping force. This detail guarantees the seal of the mold
cavity along the parting surface on mold inserts. The design of the
hybrid mold is presented in Fig. 6.

2.2. Hybrid mold materials

As reported in the introduction, the HM is characterized by support
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plates that are primarily demanded to thermally insulate the mold in-
serts, keep them at the correct positions, contribute to the mold guiding
system, and allow the positioning of auxiliary sub-systems, such as
thermocouples and mold cooling components.

Therefore, the feature requirements for these components are: i) low
thermal conductivity; ii) stiffness, also at high temperatures; iii) high
dimensional stability; iv) mechanical strength. These requirements are
met by high-performance polymer and composite materials. Indeed, as
is well known, in injection molding the mold is heated by the injected
melt and kept at high temperatures in the range of 60-200 °C, depending
on the injection-molded material, spanning from conventional poly-
olefins to high-performance polymers and composites, such as
PolyEther-Ether Ketone (PEEK).

In the hybrid design, these temperatures are reached in steel mold
inserts and locally in steel base mold components. However, the support
plates should fulfill the requirements for maintaining dimensional sta-
bility and mechanical performance at high temperatures up to 200 °C.
Only polymers/composites having high glass transition temperatures
(Tg) and Heat Deflection Temperature (HDT) are excellent candidates
for this application. Furthermore, high-dimensional accuracy and sur-
face finishing are also important requirements for this application.

As reported in the literature, compared to other AM technologies,
stereolithography (SLA) has superior dimensional accuracy and surface
finish [20,21], and was therefore selected for the manufacturing of the
HM support plates. Among SLA resins, only those specifically designed
for high-temperature applications can be considered, specifically with
high Tg and HDT. Table 1 reports a comparison of the mechanical
properties of a conventional resin (White V05) and two high-
temperature engineered resins (High Temp HT and Rigid10K).

Resins HT and Rigid10K were preferred over the standard White
resin due to their higher HDTs. Despite Rigid10 K's higher stiffness and
ultimate tensile strength, the HT resin has a higher HDT at 1.8 MPa, and
therefore, it was selected for the HM manufacturing.

/

/ CLAMPING FORCE
ESP ISP
, Sl

—

A A AA

(a)

SECTION A-A

A

\ A |

A

BUSHING POSITION -l GAP COLUMN POSITION

SECTION B-B

REFERENCE

REFERENCE

(b)

ESP ISP

Fig. 5. Mold assembly drawing and cross sections. Section A with clamping force transfer inside the mold (a); section B with the reference positions of the guiding

system components (columns and bushings) (b).
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Support Plate

Mold insert

Fig. 6. HM design. CAD 3D views of the HM; injection side (a) and ejection side (b). Steel plates (grey), polymer plates (white), mold-press interface plates (yellow).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Comparison of mechanical properties of photopolymer resins: White, High
Temp, Rigid10K. (Source: Material datasheets, Formlabs Inc.)

Parameter Units White High Temperature Rigid 10
V5 (HT) K
Ultimate tensile MPa 61 49 88
Strength (UTS)
Elongation at break (A~ % 11 2.3 0.7
%)
Tensile Modulus (E) MPa 2650 2800 11,000
Flexural Strength MPa 103 97 158
Flexural Modulus MPa 2750 2800 9900
Notched Izod J/m 29 17 20
Unnotched Izod J/m - - 130
HDT @0.45 MPa °C 62 238 238
HDT @1.8 MPa °C 54 101 92
Thermal Expansion pmm™! - 75 41
“c-1

2.3. Molds manufacturing

Each mold side (injection and ejection) consists of a mold plate and
insert. Mold inserts were fabricated in X33CrS16 steel (Werkstoff
1.2085) with traditional cutting (milling and grinding) technologies. By
maintaining the same steel inserts, Conventional steel Mold (CM) and
Hybrid steel-resin Mold (HM) were tested. In CM, mold plates were
realized as mold inserts (i.e., same material and manufacturing tech-
nologies). On the contrary, in HM, mold plates were fabricated of
photopolymer resin Formlabs High Temp V02, engineered explicitly for
high-temperature applications via Stereolithography (SLA).

The main mechanical properties of this material are suitable for the
specific application [25] and are reported in Table 1 of Section S1 of the
supplementary information. The polymer mold plates were designed
with a bulk structure similar to bushes and columns for guiding and
aligning the mold parts, and a hexagonal lattice structure in low-stress
regions, as determined by topology optimization [26]. High-
dimensional accuracy and surface finish are required for this applica-
tion to ensure proper guiding and alignment of mold components.
Therefore, some precautions in the manufacturing design, particularly
in the SLA pre-processing step, are required, such as a geometrical
compensation strategy and the implementation of an optimized process
chain [27-29].

A Formlabs Form3 machine (Somerville, Massachusetts, USA) was
used for the mold plates fabrication, by setting the following process
parameters: layer thickness of 100 pm, part orientation flat on the build
platform (XY plane) without base and supports.

Part post-processing consisted of three phases: 1) washing in high-
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purity (99%) isopropyl alcohol (IPA) for 20 min; 2) UV-curing in a
Formlabs Cure machine for 120 min at 80 °C; 3) Annealing for 180 min
at 160 °C in an oven Memmert UNE400.

Post-processing operations 2 and 3 improve the part's mechanical
properties. Notably, annealing allows achieving a heat deflection tem-
perature of 238 °C (HDT at 0.45 MPa, ASTM D648-16) [25], which is a
relevant parameter for ensuring the required mechanical performance
(stiffness and stability) at the required mold temperatures.

3. Experimental procedure

The experiments aimed to acquire thermal transients on the molds
(conventional and innovative), such as mold temperature variations
during the injection molding cycles, from the transient to the steady
state regime.

The experimental tests were designed to demonstrate the hybrid
mold's ability to fast warm-up (thermal transients faster than CM), store
and retain thermal energy, thereby sharply reducing energy waste (i.e.,
through convection to the surrounding environment). These are two
fundamental features of the HM.

To emphasize these aspects, the intensive water cooling was not
implemented to avoid its disturbing effects, resulting in only minor ev-
idence of the positive effects of thermal insulation and low thermal-
conductive mass. However, the cooling was performed by keeping the
molded part inside the mold cavity for 4 s, thereby transferring heat
from the molded mass to the steel mold insert.

This latter solution is very common in micro-injection molding, as
coolant or water circulation can cause a drop in mold temperature,
which negatively affects the subsequent molding cycle. Therefore, at this
stage of the study, the objective was primarily to isolate transient
thermal effects rather than to emulate production scenarios.

Experimental molds were mounted on the micro-injection molding
machine Formica Plast 1 K by DesmaTec, available in the CNR-STIIMA
Lab. The machine's technical specifications include a maximum injec-
ted volume of 150 mm?, a maximum injection pressure of 300 MPa, and
a maximum injection rate of 3.5 cm®/s.

Due to its suitability for high-performance mechanical parts
manufacturing, the polymer Polyoxymethylene (POM, Ultraform
N2320003, BASF Engineering Plastics) was selected for the injection
molding. During the cooling phase, no coolant was used, aiming at
bringing out the differences between the two molds.

Two different mold conditions were tested for injection molding
cycles: C1) mold warm-up from ambient temperature using just the
thermal exchange between the melt polymer and the mold during the
cavity filling and employing CM and HM plates alternatively; C2) molds
pre-heating by cartridge at 80 °C for CM plates.
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In this way, the potential of hybrid solutions and the limitations of
standard solutions in achieving the desired thermal conditions without
an external heating source can also be highlighted. Indeed, in the
context of the more sustainable injection molding process, reducing and
recovering thermal energy without dispersing heat into the environment
is paramount. Furthermore, experimental tests under different thermal
conditions and mold materials allowed for the proper calibration of the
numerical model, as discussed in the following sections. Detailed pro-
cess parameters are reported in Table 2.

The machine was equipped with sensors to acquire the temperature
data. The data acquisition (DAQ) system utilized four K-type thermo-
couples interfaced with as many Max6675 digital modules to convert the
analog signal from the thermocouple to a 12-bit digital signal. The DAQ
system architecture was based on Arduino Uno Hardware and a custom
firmware routine. An additional Fluke 54 II thermometer was used to
verify and calibrate the K-type thermocouples. The system allowed data
acquisition from all four thermocouples with a resolution of 0.25 °C and
a sampling period of 400 ms, corresponding to a frequency of f; = 2.5 Hz.
This frequency was optimal for monitoring the temperature variations
during the molding cycles. In detail, the thermocouples were strategi-
cally positioned to provide a comprehensive overview of the tempera-
ture distribution within the mold. T1 and T4 were placed into specific
holes within the movable and fixed inserts, respectively, close to the
mold cavity (Fig. 7 a). Thermocouples T2 and T3 were located on the
external surface of the mold, specifically on the top surface of the fixed
(injection side) and movable (ejection side) mold plates, respectively
(Fig. 7 b). Fig. 8 shows the injection molding machine and the experi-
mental setup. Fig. 9 and Fig. 10 show the HM solution during mold
opening and closing operations, and details of the experimental setup
with all thermocouples positioned and connected to the acquisition
system.

4. Numerical modeling

The acquired experimental data were used to calibrate the boundary
conditions for the process simulations covering both CM and HM. As
previously mentioned, the validation strategy was based on temperature
measurements acquired from four thermocouples, with two sensors
located within the mold inserts close to the cavities and two positioned
on the external mold surfaces. This configuration allows capturing both
the regions of highest heat flux and the external thermal response of the
mold, providing a comprehensive assessment of the thermal behavior.
Specifically, the hybrid mold (HM) configuration was used for calibra-
tion of the boundary conditions, while the conventional mold (CM)
configurations were used exclusively for validation. Validation was
performed under two different operating conditions (warm-up from
ambient temperature and transient evolution after pre-heating at 80 °C).
Except for the material properties of molds, the other process parameters
and boundary conditions were the same for both CM and HM, mirroring
the experimental setup.

Table 2

Process parameter settings.
Symbol  Description Units Value

CM HM
T Melt Temperature °C 230 230
Tmo Initial Mold Temperature °C 20 or 80 20
Vinj Injection speed mm/ 150 150
s
tr Filling Time s 0.4 0.4
th Holding time s 4 4
Py Holding Pressure MPa 50 50
S Piston stroke mm 10 10
te Average total cycle time (without s 12 12
coolant)

n Number of injection runs - 130 0r 90 130
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Numerical simulations were performed using Comsol Multiphysics
v.6.1 (Comsol Inc., Stockholm, Sweden), a software that implements the
Finite Element Method (FEM), often employed for analyzing complex
multi-physics processes [30-33]. To reduce computational time, the 3D
model of the mold block was simplified concerning the original one. In
detail, the clamping plates were modeled as simplified domains com-
bined with proper boundary conditions to consider the heat exchanges
with the injector and the extractor systems. Fig. 11 displays an example
of the complete setup model with polymeric support plates, while Fig. 12
shows the model as constructed in COMSOL Multiphysics.

After importing the modified 3D model into the software, all the
boundary conditions were set as shown in Fig. 13, considering the in-
jection process dynamics.

Since the model aimed to predict the thermal field during the pro-
cess, the fluid dynamics of the injection were simplified while still
explicitly modeling the polymer domain. In particular, the molten
polymer was not described through fluid flow, but its thermal behavior
during the filling phase was reproduced by means of a variable heat
source, introduced to drastically reduce the computational time while
capturing the dominant thermal phenomena.

This heat source increases the POM temperature within the cavity
during the filling stage and is deactivated in the subsequent phases. It
was carefully calibrated to ensure that the polymer temperature does not
exceed the actual injection temperature.

Furthermore, the heat transfer coefficient of POM was defined as
temperature-dependent to account for the different behavior in the
molten and solid states. To incorporate, in a simplified manner, the ef-
fects of phase change, the heat transfer coefficient was increased in the
temperature range corresponding to solidification (150-170 °C), thus
accounting for the latent heat released during the transition.

This modeling strategy enables the simulation of multiple consecu-
tive injection cycles within reasonable computational times, making it
suitable for process and mold design support, while maintaining good
agreement with experimental results.

Beyond heat exchange with the air, two key boundary conditions
were calibrated: heat exchange with the injector and heat exchange with
the extractors. These heat transfer coefficients were adjusted during the
calibration phase on the HM configuration to reproduce the experi-
mentally measured temperature evolution and should be interpreted as
effective parameters accounting for complex contact and transient
thermal conditions.

This approach allowed for an accurate numerical prediction with
reduced computational time, avoiding the high complexity of modeling
the entire press. More specifically, the heat transfer coefficient (HTC)
was set high (260 W/mzK) at the injection location during the filling and
holding phases to account for the direct contact and pressure applied to
the sprue. This value was then reduced in subsequent phases to account
for the partial detachment of the injector and the presence of an air gap
(130 W/m’K).

At the ejector locations, the HTC linearly decreased from 500 to 100
W/m2K. This accounts for greater heat removal during the initial cycles,
when the ejector system is colder, and a progressively reduced cooling
effect as the ejection system warms up and approaches thermal
equilibrium.

For transient simulations of the warm-up without pre-heating, the
system's initial temperature was set to ambient temperature, while in the
CM case, it was pre-heated to 80 °C. The initial conditions were selected
based on the thermocouple data acquired at the start of the first cycle.
All critical process time parameters, such as holding time, filling time,
and cooling time (without coolant), were managed using Comsol's
events interface module to accurately replicate the experimental process
evolution.

The three-dimensional mesh consists of 406.670 tetrahedral ele-
ments, with a maximum size of 1 mm for cavities and inserts, and 5 mm
for other components. These parameters represent a good trade-off be-
tween an accurate geometric representation and a reasonable
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Fig. 10. Experimental setup of the HM. Block diagram of the DAQ system (a); DAQ system hardware and electrical connections (b); Thermocouples placement on the
mold (c).

computational efficiency. Based on the experimental tests, 130 and 90 Table 3, while Table 4 provides the material properties sourced from
cycles were simulated for the warm-up without pre-heating and with material datasheets. The numerical simulations took an average time of
pre-heating, respectively. The used process parameters are detailed in 6 min for each injection molding cycle using a 13th Gen Intel® Core™
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Fig. 12. Model (polymer plates) used in COMSOL Multiphysics with simplified
clamping plates.

i7-13,700 (2.10 GHz), RAM 32 Gb, and graphics board Nvidia T1000
equipped with 8 Gb memory.

5. Results and discussion
5.1. Comparison between numerical and experimental data

Data acquired during the experimental campaign were compared
with results from numerical simulations. As mentioned before, the
boundary conditions were calibrated using the experimental outputs
from the HM test, while the two CM conditions were used as a validation
dataset. Fig. 14 and Fig. 15 show the experimental-numerical compar-
ison of temperature evolution at the thermocouple locations for the
complete campaign with the HM system. To provide a clearer analysis,
Fig. 14 explicitly shows the temperature evolution within the inserts (T1
and T4), while Fig. 15 presents the evolution on the external mold
surfaces (T2 and T3). The analysis of the graphs shows that temperatures
are continuously increasing and, apparently, never reach a steady state.
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Under these conditions, the process appears to be out of control, but this
is due to the intentional deactivation of the cooling system. Of course, it
is expected that the CM steel mold will bring the process to a thermal
equilibrium point where the injected heat ¢,, by molded part is coun-
terbalanced by the heat ¢, transmitted by convection to the ambient air
and by conduction to surrounding press components. Therefore, CM will
find a steady state thermal working point where ¢,, = ¢,. On the con-
trary, HM has adiabatic interfaces due to the polymeric support plates,
which hinder heat transmission, resulting in a dangerous temperature
increase above the optimal ejection temperature.

The Fig. 14 reveals three distinct thermal regions for the mold insert
temperature on the ejection side (T1, green graph): R1) warm-up region,
from time tg = O s up to t; = 100 s (approximately the first 10 cycles);
R2) mid-region, from time t; up to tp = 700 s; R3) Quasi-steady state
region, for time higher than tp, [700-1600]s. The numerical model
demonstrates good predictive capabilities of temperature in the R1 re-
gion, with a rising transient almost superimposed on the experimental
one. In the mid-region R2, the prediction fidelity gets worse, showing
experimental values higher than numerical ones. This deviation is also
kept in the third region R3, without a significant variation. A similar
trend is shown by the mold insert temperature on the injection side (T4,
blue graph). In the third region R3, the numerical prediction of T4 is
affected by a reduced deviation compared to T1.

It is worth noting that the temperature spike and subsequent stabi-
lizing transient observed in the HM data (Fig. 14) around t = 300 s was
due to a part ejection failure, which required a manual removal of the
part from the mold cavity by the operator. This specific perturbation was
not included in the numerical model. It took about 400 s (from 300 to
700 s) to restore the effects of the perturbation (or disturbance) intro-
duced by the machine stop of about 25 s required to remove the trapped
part from the cavity.

The graphs clearly show that the calibration of the boundary con-
ditions was effective, since the temperature evolution within the inserts
was accurately captured throughout the cycles. At the quasi-steady state
regime, the deviation for T4 was only —2 °C (72 °C actual vs 70 °C
predicted) and — 4 °C in T1 (50 °C actual vs 46 °C predicted).

In the early cycles, on the external mold surfaces, experimental
temperatures rose faster than numerical prediction, with a maximum
deviation of —5 °C. However, during the final cycles, these deviations
narrowed significantly to —2 °C for T2 (35 °C actual vs 33 °C predicted)
and — 3.5 °C for T3 (30 °C actual vs 26.5 °C predicted). These small
deviations suggest that the actual material's thermal conductivity might
be higher initially but decreases as the temperature rises. In contrast, the
simulation used a constant thermal conductivity value, which provided
a better match after multiple cycles despite the initial underestimation.

To conclude the analysis of data for the HM, the numerical model is
capable of an overall good prediction with deviations on temperature
below 5 °C. Its performance is best on steel mold inserts in the warm-up
region R1, but worse in the mid-region R2 at the end of the warming
transient. Finally, in the quasi-steady state region R3, the predicted
temperature deviation does not change in the interval. This demon-
strates that the model has an integrative behavior (i.e., prediction error
almost equal to the sum of errors in the previous regions), but invariant
in the quasi-steady state region. A complete analysis of the prediction
error of the numerical model in the case of the HM system is reported in
Section S2.2 of the supplementary information.

Fig. 16 and Fig. 17 present the experimental-numerical comparison
for the CM system starting from 20 °C. As expected, since the thermal
conductive mass of HM is lower than CM, a higher sensitivity is observed
in temperature measurements of HM, with higher values of standard
deviation.

As previously mentioned, only the material properties of mold plates
were changed in the model; the boundary conditions remained identical
to those used in the HM system simulation. Also in this case, the nu-
merical prediction within the inserts was very accurate, showing an
almost constant deviation of about —2 °C for both T1 and T4.
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Table 3
Process parameters and boundary conditions set within the numerical model.

Process parameter Units Value

Melt temperature °C 230

Filling time s 0.4

Holding time s 4

Cooling time (without coolant) s 4

Mold open/close time s 3.6

Initial insert temperature °C 20 (HM), 20 and 80 (CM)

Initial support plate °C 20 (HM), 20 and 65 (CM)
temperature

Initial clamping plate °C 20 (HM), 20 and 60 (CM)
temperature

Air (ambient) temperature °C 18

Injector temperature °C 230

Ejection temperature °C for CM 18 or 80, for HM 18

HTC with air W/(m?k) 30

HTC with injector W/(m2K) 260 (filling+holding), 130

(cooling)
HTC with ejectors W/(m?K)  Linear decrease (500 — 100) in 500

S

Table 4
Material properties implemented within the numerical model.

Material Symbol  Units POM X33CrS16 High-
property Stainless Temp
steel resin V02
Density p g/ 1.4 7.8 1.3
cm®
Thermal K W/ 0.14 20 0.31
conductivity (mK)
Heat capacity at Cp J/ f(T), 2137 500 2700
constant (kgK) @ 230°C
pressure 16000 @
150 °C

Similar observations regarding thermal conductivity can be made on
the external mold surfaces in the CM system. For T2, the initial deviation
of —4 °C was reduced to —2 °C (36 °C actual vs 34 °C predicted) by the
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last cycle. Conversely, for T3, an almost perfect match was found during
the initial cycles, but an overestimation of +3 °C (30 °C actual vs 33 °C
predicted) in the last cycle. This behavior could be attributed to the
cooling of the movable plate during the mold opening/closing stages, a
phenomenon not fully simulated in the numerical model. A first-order
approximation of this effect could be introduced by increasing the air
heat transfer coefficient on the movable side during the opening phase;
however, its influence is expected to be limited compared to the domi-
nant heat transfer mechanisms governing the process, and it is less
pronounced in the polymer plate due to its insulating properties.

The analysis of the prediction error of the numerical model in the
case of the CM system is reported in Section S2.3 of the supplementary
information.

Comparing the performances of HM and CM systems, the graphs of
temperatures consistently show that the injection side is typically
warmer than the ejection side in both setups. A key difference lies in the
mold core's thermal transient, which was significantly faster in the
innovative hybrid solution than in the conventional steel mold. This can
be attributed to the HM's lower conductive mass and thermal insulation
of the surrounding polymeric/composite support plates. Comparing the
internal temperatures, HM consistently presented higher values, with an
average difference of about 30 °C concerning CM (72 °C vs 46 °C) on the
injection side. The temperature difference between the injection and
ejection sides was approximately 20 °C in the HM system, while it was
only about 5 °C in the conventional mold. This highlights HM's role as an
insulating support for the steel insert, resulting in higher core temper-
atures and increased thermal sensitivity, but lower thermal energy
dispersion.

The HM's internal components' thermal transient was characterized
by a rapid exponential rise followed by a quasi-linear trend. In contrast,
the CM system showed a minimal exponential rise, with the linear trend
being predominant. Interestingly, the slopes of these linear trends were
nearly identical (around 2-3 °C/200 s). Therefore, in continuous long-
term molding, the regime temperatures tend to stabilize at higher tem-
peratures in HM due to its low thermal inertia. This also demonstrates
the potential to store and better manage thermal energy with polymer
plates.
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Fig. 15. Experimental-numerical comparison of temperature transients acquired by the thermocouples placed on the mold external surfaces (HM system).

From this point of view, Fig. 18 visually confirms the findings by
comparing the simulated thermal fields at the end of the last cycle. The
numerical prediction validated the experimental evidence, clearly
showing lower thermal energy dispersion in the HM system. Indeed, in
the HM system, thermal energy was concentrated primarily within the
inserts, whereas in the CM system, it was dispersed throughout the
entire block mold.

The final test concerned the evaluation of temperature evolution in
the CM system pre-heated at 80 °C. Fig. 19 and Fig. 20 display the
experimental-numerical comparison similarly to the previous analyses.
Also, in this case, the results again confirmed the accuracy of the nu-
merical prediction. Specifically, for T4, the numerical prediction was
very close to the measurement. In contrast, in T1, a faster cooling in the
simulation compared to experimental data was observed, resulting in an
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underestimation of 4 °C during the last cycle (58 °C actual vs 54 °C
predicted). This numerical discrepancy can be attributed to the differ-
ences between the actual thermal field after initial pre-heating and the
initial conditions set in the simulation. Indeed, as expected, the cartridge
heating in the experiment caused a variable temperature distribution
within the mold block. In contrast, the simulation initialized the inserts
and the plates with a uniform temperature based on the thermocouples'
measurements at the start of the first cycle. This aspect had less influence
on the temperature evolution on the mold's external surfaces, where the
maximum numerical discrepancy was only 1.5 °C.

The observed outputs evidenced the challenges for the CM system in
maintaining an isothermal process without an external heating source.
Despite the lack of dedicated cooling channels, the system's temperature
tended to stabilize at least 15 °C lower than the initial one within the
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Fig. 17. Experimental-numerical comparison of temperature transients acquired by the thermocouples on the mold external surfaces (CM system).

cavities. Maintaining constant and controlled temperatures ensures that
final components possess uniform properties and characteristics.

5.2. Dimensional characterization of injection molded samples

Due to the small scale of the samples, even minor deviations in ge-
ometry or weight can impact product quality, functionality, and per-
formance. Therefore, dimensional measurements were carried out using
a Mitutoyo digital caliper (resolution 0.01 mm) on ten specimens
randomly extracted from each of the three batches (mold warm-up for
CM and HM plates and mold pre-heating for CM plates). The selected
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dimensions for dimensional control were the dog-bone length, the width
at the mid-section, and the thickness. These assessments drive process
optimization and allow for a thorough evaluation of process stability.
This is crucial for ensuring the accuracy of data used in the simulation
model setup and validation.

Table 5 reports the average values with their corresponding standard
deviations, indicating the overall successful replication, evidenced by
low standard deviation values. As clearly shown in Fig. 21, for the
conventional system (CM), dimensional deviations from nominal mold
values are generally close to the nominal POM shrinkage (2.1%, ISO
2577294-4). This suggests good dimensional accuracy for parts obtained
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Fig. 19. Experimental-numerical comparison of temperature transients acquired by the thermocouples within the mold inserts (CM system pre-heated to 80 °C).

with the CM system. Conversely, parts produced by the hybrid system
(HM) without cooling exhibit higher deviations across all measured
parameters, between —2.5 and — 6.7%.

C.L: 95% Confidence Interval calculated using the Student's T-
distribution.

As previously stated, the injection molding parameters were selected
based on previous experience and tests. They were not optimized,
particularly for part accuracy and shrinkage control. In this section, the
aim is to characterize the molded part to demonstrate the feasibility of
the innovative process.

The main result is that the samples molded with the HM are affected
by a higher volumetric shrinkage (Fig. 21, Table 5). These results can be
justified by considering the thermo-mechanical properties of the POM
material and the specific differences between the two molds. As shown
in Figs. 14 and 16, the temperatures of the HM mold inserts are always
higher than those of the CM mold inserts. To evaluate the effects of these
temperatures on the specimens' dimensions, the molding cycle should be
evaluated on the pvT diagram of the material. Fig. 22 shows the pvT
diagram of the POM BASF Ultraform® N2320 [34]. The first step of this
analysis is the identification of the pvT transformation curve. Table 2
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reports the holding pressure of 50 MPa, which is assumed as the cavity
pressure during the holding and cooling phases. On the pvT diagram, the
closest curve is for p = 40 MPa. At a specific time, such as t = 1200 s,
Figs. 14 and 16 give the mold insert temperatures of Ty (1200s) = 68 °C
and Tcm(1200s) = 45 °C, for HM and CM molds, respectively. With a
graphical procedure, it is possible to derive the corresponding specific
volumes at the ejection of the part, as depicted in Fig. 22. The same data
can be derived from the pvT table (Supplementary Information, Section
S3, Table 3). The calculated values for CM and HM, respectively, are:

= Veem (45 °C, p = 0 MPa) = 0.7181-10 7> m®/kg
= Ve (68 °C, p = 0 MPa) = 0.7285-10% m%/kg.

The volumetric shrinkage in the molded part is proportional to the
difference between the specific volume during part ejection (Vecm, Verm)
and that at ambient temperature (i.e., T = 20 °C, p = 0 MPa), which in
this case is equal to vao o = 0.7069-10~° m®/kg (Supplementary Infor-
mation, Section S3, Table 3). Therefore, greater shrinkage occurs as the
ejecting temperature increases [35]. In the results, the specific volume
differences are:
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Table 5
Sample dimensional characterization.

Dimension (nominal) Units

Experiment

CM warm-up CM pre-heating HM warm-up

Width (1.5 mm) Measure’ mm
Dev. %’ %
cr mm

Thickness (1.0 mm) Measure’ mm
Dev. %’ %
cr mm

Length (12.0 mm) Measure’ mm
Dev. % %
cr mm

1.47 £ 0.04 1.46 £+ 0.01 1.40 £ 0.02
-2.0 -2.7 —6.7
1.44-1.51 1.45-1.48 1.39-1.41
0.98 + 0.02 0.97 + 0.01 0.96 + 0.01
-2.0 -3.0 —4.0
0.97-1.00 0.96-0.98 0.95-0.96
11.8 £+ 0.05 11.8 £ 0.02 11.7 £+ 0.03
-1.7 -1.7 -2.5
11.75-11.84 11.74-11.78 11.72-11.76

! Mean + standard deviation.
2 Dev. is the deviation of the mean from the nominal value.

3 ClI is the 95% Confidence Interval calculated using the Student’s T-distribution.
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Fig. 21. Deviations of measured specimens from nominal mold dimensions.
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The Avyyyis higher (+92%) than Avgy; therefore, the samples molded
with the HM are affected by a higher volumetric shrinkage, and this
justifies the results reported in Table 5 and Fig. 21. The parts ejected at a
higher temperature from the HM continue to shrink outside the mold,
and the overall shrinkage is higher than those ejected at lower tem-
peratures from the CM. Conversely, the CM cavity “freezes” the molded
part geometry when ejected at lower temperatures. These results were
expected since it is well known that the ejection of molded parts at high
mold temperatures results in higher shrinkage [35]. However, this is not
an issue since shrinkage and dimensional accuracy can be controlled by
optimizing the process parameters (i.e., higher holding pressure), or by
activating efficient cooling and mold temperature control. The material
pvT diagram and the table of specific volume values are reported in
Section S3 of the supplementary information.

However, the characterization demonstrates the consistency of re-
sults across the different thermal regimes, explaining the deviations in
molded-part dimensions.

Beyond the presented experimental tests, the HM had a life of about
500 cycles, and failure occurred on polymeric support plates due to a
cracking mechanism. In detail, the cracks originated from the cylindrical
seats of the bushes and the columns of the mold motion-guiding system,
thereby confirming the hypothesis regarding mechanical stress on the
support plates stated in Section 2.1.
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5.3. — Comparison of the energy commitment within the molding cycle

The numerical simulation enabled the estimation of the energy
stored by the insert to evaluate the energy consumption of the two
different configurations. The stored thermal energy was calculated from
the simulated temperature field by integrating the sensible heat over the
insert volume, according to the following relation:

E= /p ¢ (T—Trg) dV 3
\4

where p is the material density, c, is the specific heat capacity, T is the
local temperature, and Tris a reference temperature. For the evaluation
of the energy stored per cycle under quasi-steady-state conditions, Tres
was defined as the temperature at the beginning of each cycle.
Conversely, for the estimation of the total accumulated energy during
the warm-up phase, T was defined as the initial temperature at time t
= 0 for each node of the insert mesh. Data are summarized in Table 6.

Considering the last cycle before the machine shut down, when a
quasi-stationary regime is reached, the energy stored by the inserts at
each cycle is estimated to be 3.06 J and 3.18 J (+3.92%) for the CM and
HM systems, respectively.

Operating at full capacity, the insert stops accumulating heat
significantly in both solutions. Considering the heating up phase, the
warm-up from the ambient temperature until the first machine stop
occurred at cycle N = 133, the overall thermal energy stored by the
inserts is 1048.0 J and 1622.6 J for the CM and HM, respectively. With
the same energy injected into the system, compared to the HM

Table 6
Comparison of numerical estimation of energy stored in the insert in CM and HM
systems.

Parameter Units CM HM AEgc AEpc%
Energy stored in the J/ 3.06 3.18 +0.12 +3.92%
mold insert @Steady cycle
State
Total energy stored in J 1048.0 1622.6 +574.6 +54.83%

the mold insert on N
=133 cycles

configuration, the CM process shows an energy loss of —547.6 J
(—54.83%). Although energy assessments are preliminary estimations of
actual consumption in the process, the thermal insulating capacity of the
polymer can improve the energy efficiency of the mold.

In addition, even if the energy-related quantities are derived from the
simulated temperature field, the accurate prediction of temperature
evolution also supports the reliability of the energy analysis.

The energy stored within the inserts can be extracted using high-
efficiency systems and reused for other phases of the molding process.
The higher the stored energy, the greater the harvested quantity of en-
ergy, since the waste of energy in the surrounding environment is
reduced.

5.4. — Mold weight reduction

One of the target benefits of the novel mold is the reduced weight.
The weights of support plates (CM and HM) were measured using a
digital balance (MAUL studio, Switzerland, Max 2.5 kg, resolution 2 g).
Measurements are reported in Table 7.

The average mold weight reduction is —88.2%, a remarkable result
achieved not only by substituting heavy steel with a lightweight poly-
mer, but also through mechanical structural FEM analysis and topology
optimization of the support plates [26].

5.5. Preliminary data for sustainability assessment

The sustainability assessment of this work was partially addressed in
recent publications by the same authors [26,36,37].

The impact on sustainability of the topology optimization (TO) of the
mold structure, i.e., steel support plate design (Figs. 6, 7, 12), is reported
in [26,36]. The outcomes of these papers, mainly lightweighting ob-
tained with the mechanical TO, were analyzed using LCA & LCC to

Table 7
Comparison of support plate weights.

Mold component CM () HM (8) AW (=) AW% (%)
Injection Support plate 634 80 —554 —87.4%
Ejection Support plate 620 68 —552 —89.0%

906



V. BASILE et al.

assess the impact on sustainability. In both papers, the conclusions state
that, compared to Conventional Mold (CM), the Topology Optimized
Injection Mold (TOIM) shows an advantage in environmental impact
over an extended lifespan, emphasizing the importance of a life cycle
assessment. The Cumulative Energy Demand (CED) analysis shows that
TOIM becomes advantageous at a Sustainable Break-Even Point (S-BEP)
of 68.5% of the mold's lifespan. In End-of-Life (EoL) efficiency analysis,
recycling scenarios reveal that both TOIM and CM benefit from high
material recovery rates. However, TOIM demonstrates potential to
further reduce impact through improved recycling strategies. The as-
sessments of Global Warming Potential (GWP) and endpoint damage to
human health and ecosystems were also reported in [26].

The LCA & LCC of mold's support plates made of different materials:
stainless steel, aluminum alloys, high-performance polymers (i.e.,
PEEK), and the photopolymer resin HT used in this work, with a topo-
logically optimized design, is reported in [37]. This paper investigates
the effects on some sustainability parameters of the different
manufacturing process chains, materials, and their performance, weight
reduction, cost structures, etc. Outcomes are analyzed with a global
assessment and a sensitivity analysis. The paper's conclusion refers to a
mass reduction of up to 22%, which results in cost and environmental
savings of 30-45% during the production and use phases. Although with
a potential 50% reduction in service life for polymeric materials (PEEK
and HT resin). A complete comparison (sensitivity analysis) of the four
solutions is also presented, with a clear identification of advantages and
disadvantages. The mold with components made of PEEK or photo-
polymer resin HT was reported to have the best performance in terms of
lightweighting design and environmental performance. All these studies
address the analysis of lightweight molds, mold manufacturing, the use
phase (injection molding) throughout the mold life span, and the energy
demand of injection molding machines. Further studies are underway to
measure and assess the effects of energy efficiency, particularly thermal
energy management, on the industrial sustainability of the innovative
mold presented in this work.

6. Conclusions

This study proposes an innovative hybrid mold design for injection
molding, combining steel inserts with polymeric/composite support
plates to enhance thermal energy management. The results show that
the hybrid configuration significantly alters the thermal behavior of the
mold, leading to higher heat retention within the inserts (up to
approximately 30 °C increase compared to the conventional mold),
faster thermal transients, and reduced heat dissipation to the environ-
ment. The numerical model demonstrated good predictive capability,
with temperature deviations generally below 5 °C when compared with
experimental measurements under different operating conditions. This
confirms the robustness of the proposed modeling approach in capturing
the main thermal phenomena of the process. The numerical energy
analysis highlights a clear benefit of the hybrid solution, with a 4% in-
crease in energy retention per cycle and a cumulative gain of 55% during
the warm-up phase. A significant weight reduction of about —88% in the
mold support plate was also achieved with the polymer and an opti-
mized design. In addition, while heat accumulation is traditionally
considered a drawback, this work demonstrates that it can be effectively
exploited when combined with efficient heat extraction strategies,
enabling potential energy recovery and reuse. Future developments will
focus on integrating conformal cooling solutions, increasing mold
durability, industrial sustainability assessment, and extending the
approach to larger-scale applications, where potential energy savings
are expected to be even more significant.
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