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Abstract

Nowadays, Additive Manufacturing for Electronics (AME) is gaining ground in device
fabrication for the numerous advantages of these types of manufacturing technologies,
such as fast production processes, freeform design, and low-cost prototyping. In this
scenario, the proposed research work is focused on evaluating an innovative strategy for a
common issue in power electronics, which is related to the generation of hotspots. To face
this problem, the 3D printing of ceramic substrates with different high surface areas was
studied to improve thermal dissipation. Together with improved thermal management, the
upper surface of the devices enabled the deposition of a desired conductive pattern and
the bonding of bare die components for device fabrication. Finally, thermal exchange was
monitored to verify the efficacy and efficiency of the devices” dissipation capabilities. The
proposed models exhibited a 70% temperature reduction upon transitioning from air to
water. Furthermore, the operating temperature remained stable for 10 min, meeting the
specific requirements of the intended application.

Keywords: thermal management; microelectronics; liquid cooling; heatsinks; additive
manufacturing; digital twin; FEM simulations

1. Introduction

The global effort to reduce greenhouse gas emissions, as part of the climate change

Emiieciopndates mitigation strategy, is pushing towards more sustainable and renewable energy sources [1].
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Unlike traditional silicon (Si), which has a bandgap of approximately 1.1 eV, WBG materials
have bandgaps in the range of 3.2 to 3.4 eV. This physical property allows these materials
to withstand much higher electric fields, operate at higher temperatures, and switch at
significantly faster speeds. Wide bandgap materials like silicon carbide (SiC) and gallium
nitride (GaN) are becoming extensively employed whenever high power or high switching
frequency are required [4]. In particular, GaN devices are characterised by a smaller specific
ON-resistance and switching losses. These properties are crucial for high-frequency and
high-power-density converters. To be fully exploited, however, WBG requires packaging
solutions that can boost the electrical and thermal performances [5,6].

Especially concerning power dissipation, many solutions have been developed for
reducing the thermal resistance of the substrate or introducing innovative cooling mecha-
nisms. As far as the substrate is concerned, Printed Circuit Board (PCB) has been proven
many times to lower the inductances, but at the same time, they cannot reduce the ther-
mal resistance significantly without a further level of integration [7,8]. However, other
substrates like Insulated Metal Substrate (IMS) and Direct Bonded Copper (DBC) are char-
acterised by very low thermal resistance [9,10], but their 2D structure only allows some
planar configurations, generating higher critical inductances [5]. In addition to that, the
third dimension has also been exploited for power dissipation. For example, the double-
sided cooling architecture allows for doubling the effort despite increasing the cost and the
overall volume of the module.

1.2. Liquid Cooling Systems

Traditional cooling strategies and common coolants are no longer sufficient to manage
the elevated heat generation encountered in modern semiconductor technologies. As a
result, next-generation high-performance devices require advanced thermal-management
concepts that can be integrated directly into emerging packaging architectures. This progres-
sion involves innovations in materials, structural design, and the adoption of specialized
cooling liquids capable of providing substantially higher heat-removal capability.

Cooling systems can be classified according to several criteria, mostly based on the
thermophysical and electrical properties of the working fluids/gases or on their functional
role within an advanced packaging architecture. In fact, the first widely used criterion
concerns the cooling medium employed. Based on this, cooling systems are typically
classified as either air- or liquid-cooled architectures. Air-cooled systems rely on airflow,
naturally or forced, to remove heat, while liquid-cooled systems use circulating fluids with
higher thermal capacity to achieve more efficient heat extraction, enhancing the levels of
integration and major reductions in the volume and weight of power electronics systems.

Another of the most common approaches focuses on their operating principle, distin-
guishing passive from active systems. Passive systems operate without the need for external
energy input, whereas active systems rely on additional energy to drive components such
as fans, pumps, or thermoelectric modules [11].

Further classification is based on the presence or absence of a phase change in the
working fluid. When this criterion is applied, cooling systems can be divided into single-
phase and two-phase systems. Single-phase cooling maintains the working fluid in the
same state throughout the heat-transfer process, relying solely on sensible heat exchange,
which implies a limited cooling effect due to relatively low heat transfer coefficients
(<2 kW/(m? K)) [12]. Nevertheless, recent studies have demonstrated that advanced de-
signs can significantly enhance single-phase liquid performance. For example, an embed-
ded micro-manifold cooling (EMMCs) SiC power module employed crossed double-layer
liquid distribution and identical cooling paths beneath each chip, achieving highly uni-
form cooling. This design enabled single-phase heat dissipation of up to 655 W at a mass

https:/ /doi.org/10.3390/ electronics15051002


https://doi.org/10.3390/electronics15051002

Electronics 2026, 15, 1002

30f23

flow rate of 3 g s~! with a maximum temperature rise of 60 K, compared with 370 W
for a conventional pin-fin—cooled module [13]. Two-phase systems, by contrast, involve
phase transitions such as boiling or condensation, enabling the absorption or release of
large amounts of latent heat. This mechanism can significantly increase heat-removal
efficiency and allows the design of compact, high-performance thermal management so-
lutions [14,15]. However, two-phase cooling is more complex than single-phase cooling,
involving limited understanding of characteristics and instabilities, like flow boiling suffers
from hydrodynamic instabilities [16,17].

Regardless of the phase selected for the cooling fluid, liquid-based cooling solutions
can be integrated directly into the device packaging through various geometrical configu-
rations, such as microfluidic channels, pin-fin structures, or other engineered pathways,
thus enabling direct-contact cooling of the dies. Within this class of designs, the heatsink
may be applied to a single side of the electronic die (single-side cooling) or to both sides
(double-side cooling), depending on the thermal requirements and packaging constraints.
Overall, double-sided cooling strategies provide superior electrical and thermal perfor-
mance. Compared with single-sided cooling, double-sided cooled power modules exhibit
up to a 50% reduction in device-to-coolant thermal resistance, resulting in a significant
decrease in junction temperature [18].

Alternatively, the cooling system may rely on immersion cooling, in which the en-
tire PCB together with its electronic components is submerged in a tank filled with a
dielectric coolant. This approach provides uniform convective heat removal and can sig-
nificantly enhance thermal performance, especially in high-power or densely integrated
electronic systems.

The selection of an appropriate cooling liquid for electronic devices and power mod-
ules depends on several interacting factors, including allowable electrical conductivity,
required heat flux removal, system packaging, and long-term reliability constraints. Deion-
ized water and water—glycol mixtures remain the most effective fluids in terms of thermal
conductivity and heat capacity; in particular, they are widely used in closed-loop liquid-
cooling systems, although their electrical conductivity limits direct contact with electronic
components [19]. Non-conductive dielectric liquids, including mineral and synthetic oils,
silicone oils, and engineered fluorocarbon fluids such as Novec™ or Fluorinert™, enable
single- or two-phase direct immersion cooling but exhibit lower thermal performance and,
in some cases, higher cost and environmental impact. In fact, these fluids exhibit several key
limitations. First, the low boiling point of non-polar dielectric liquids at atmospheric pres-
sure restricts allowable component temperatures, as vapor-blanket formation near ~50 °C
rapidly triggers critical heat flux. Second, the maximum removable heat flux is limited
by the fluid’s critical heat flux, which for typical dielectric liquids (<20 W cm~2) falls well
below the requirements of emerging high-power-density electronics (>100 W cm~2). Third,
dielectric liquids possess comparatively poor thermophysical properties, including lower
thermal conductivity, latent heat, and surface tension—relative to ideal conductive fluids
such as water [20]. Alternative bio-based esters and silicone-based fluids offer improved
biodegradability or stability, while emerging nanofluids provide enhanced thermal con-
ductivity at the expense of increased complexity and potential stability issues. Various
types of nanoparticles have been explored for the preparation of nanofluids intended for
liquid-cooling applications, with metal-oxide nanoparticles representing the most widely
employed class of additives in this domain [21].

Fundamental Configurations and Variants of Heatsink Design

Regardless of the chosen design architecture, the most vital part of these devices is
linked to the thermal resistance of the heatsink, which can be expressed using the following
relation (1) widely adopted in heat-exchanger design literature:
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The thermal performance of liquid-cooled heatsinks is governed by several design
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parameters, among which the internal geometry and flow-channel configuration play a
particularly critical role in shaping fluid distribution and determining overall heat-transfer
effectiveness [22,23]. According to the general thermal-resistance relation, performance
can be enhanced by increasing the mass flow rate i of the coolant—typically through
forced rather than natural convection—by selecting a working fluid with higher specific
heat capacity ¢, (e.g., liquids instead of gases), and by raising the convective heat-transfer
coefficient / at the solid—fluid interface. The latter can be improved through reduced
channel dimensions such as microchannels, the promotion of turbulence via flow disruptors
or boundary-layer interruption, and the use of two-phase mechanisms (evaporation and
condensation) instead of single-phase convection. In addition, the effective heat-transfer
area A, defined as the surface area in contact with the coolant multiplied by its fin or surface
efficiency, is the last critical factor.

A typical liquid-cooled heatsink consists of an inlet manifold, an outlet manifold, and a
central region containing the engineered flow passages. Based on the arrangement of these
passages, liquid-cooled heat sinks can be grouped into three primary categories: parallel-
channel structures, pin-fin architectures, and more complex hybrid geometries [24,25].

Parallel straight-channel designs remain the most conventional and widely adopted
configuration, consisting of multiple linear channels arranged in parallel and separated
by thin walls. Numerous geometric variants—including wavy or serpentine channels,
ribbed passages, and cavity-enhanced designs—have been developed to intensify local
mixing [26-28]. These features promote secondary flows, recirculation zones, and vortical
structures that disrupt thermal boundary-layer development and thereby enhance con-
vective heat transfer. However, such improvements generally increase pressure drop and
pumping power requirements. Consequently, extensive research has focused on optimizing
the size, shape, and distribution of enhancement elements such as ribs, cavities, protru-
sions, and obstacles to achieve improved thermo-hydraulic performance while maintaining
acceptable flow resistance.

However, several research gaps and challenges remain in heat-sink design, especially
due to multiple-peak heat fluxes, which are common in modern electronics but have
been insufficiently addressed. Most existing designs still assume uniform heating, which
poorly reflects real operating conditions. Future studies should emphasize non-uniform
thermal loads and develop design guidelines specifically for cooling surfaces with multiple
heat sources.

1.3. Additive Manufacturing for Electronics and Industry 4.0

Looking at the full picture, thermal management of power electronics was invested in
by the novelty of the fourth industrial revolution, as in all production fields.

The term 4th revolution involves cyber-physical systems, which means the Internet of
Things and services for interconnecting both devices and people globally, and for merging
the real and cyber worlds. The consequential result of this process was represented by
smart factories, which presented decentralized manufacturing approaches accomplished by
means of intelligent production systems, vertically and horizontally integrated for a consis-
tent value chain [29]. Part of this evolution was the introduction of additive manufacturing
(AM) technologies not only for part prototyping, but also for final component fabrication.

AM technologies spread fast in the manufacturing industry, substituting traditional
fabrication processes in some niches that needed high mass customization. However,
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more and more fields are asking for shorter lead time and greater personalization, which
means flexibility, adaptability, and stability of the products, as well as more sustainable
approaches in fabricating parts, so AM processes could address these requirements [30].
Introducing AM in Industry 4.0 opened up to multifunctional structures, made of different
classes and combinations of materials, which allowed the manufacturers to reduce the
time-to-market, to automate the manufacturing and repairing processes, to develop new
complex components on demand, overcoming some traditional limitations in terms of
tools needed and assembly processes [31]. Together with the mentioned points, another
pushing theme for AM introduction as Industry 4.0 aid is the possibility of performing
a light-weighting of the parts. This process involves the reduction of required material
for fabricating the final object, reaching better performances at the same time. It is strictly
correlated with the concept of topology optimizations of complex structures, that show
inner frameworks with intricated geometries. These complicated shapes can be easily
modified and fast produced, meeting the continuous feedback from the final customers
who are included in the production cycle. This design approach, called design intelligence,
reduces manufacturing costs and wastes, supports implant decentralization, reducing plant
duplication and downtime [30]. Because of the above-mentioned points, the electronics
sector expressed a degree of interest in AM technologies for device fabrication, leading
to the advent of 3D printed electronics, which is the pairing of AM technologies and
components integration and/or direct manufacturing of electrically conductive paths. The
fully 3D printed electronics approach, also known as additively manufactured electronics
(AME), contemplates the deposition layer by layer of a multilayer 3D circuitry, even with
complex geometries [32]. Nevertheless, producing these complicated devices structures
through AME, meeting the needs for Industry 4.0 at the same time, requires the use of
supporting technologies, mainly software. Normally, AM technologies always ask for CAD
software for designing the printed parts and the additional elements as support structures
and so on. After that, the 3D model is translated into an outer surface shell, namely the .STL
file (Standard Tessellation Language). Lastly, this file is sliced into its constitutive single
layers, whose number depends on the selected layer thickness for the chosen technology
and required resolution [33].

Considering the advent of automation and the continuous feedback provided by the
customers in the Industry 4.0 scenario, CAD modelling is no longer sufficient to satisfy
the increasing demand for closed-loop manufacturing and the need for maintaining low
consumption of materials and resources, without affecting final properties. This is the
reason why the new “Digital Twin” concept was introduced in AM, and notably in AME.
This term comprehends the creation of a virtual model of the final parts/objects or processes,
which are used for high-fidelity simulations and modelling. Virtual models can improve
decision-making and optimization processes both for design and manufacturing phases,
making digital twins of AME products a high-potential strategy to monitor, diagnose, and
control manufacturing processes [34,35].

Digital twins can be used in a variety of applications, such as to locate and correct
possible defects, provide real-time state-of-health, and anticipate failures. In the electronics
field, digital twins can be used to supersede the use of physical validation prototypes,
which can be extremely costly [36]. Virtual cooling analysis is one application that is of
particular interest in the power modules field, since it can be used together with practical
experiments to design physical cooling systems. In this sense, digital twins can be used to
study the effects that different coolants, flow rates, and geometries have on the effectiveness
of the system before using the gathered data to develop a physical prototype [35,37].
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1.4. Aim of the Research Work

Looking at the growing interest in novel semiconductors for the innovative applica-
tion fields of electronic devices, new cooling strategies are crucial for a correct thermal
management of the developed systems. Liquid-cooled devices represent an interesting and
functional solution for determining high heat exchanges in newly developed devices for
different sectors, especially for high-power applications. High switching frequencies and
power requirements demands can be faced by GaN devices, which need cooling strategies
able to extract the high level of generated heat from the deputed connection pads.

This was the rationale behind the following presented work, whose aim was to de-
velop an alternative ceramic substrate for a GaN die, with a complex 3D geometry that
guaranteed a large heat exchange area for liquid cooling and a flat planar 2D surface for
metallization and die attach. The complex design, presenting the bonding plane on one
side and the intricate geometry on the other, was first adjusted based on the multiphysics
simulation, and then manufactured additively in alumina as a ceramic material. To fabricate
the heat exchange platform, a Vat PhotoPolymerization (VPP) technique, namely Digital
Light Processing (DLP), was chosen because of its high resolution, with an achievable
minimum feature size of 50 um, good accuracy and precision, excellent surface quality, and
faster printing time, with a high throughput [38,39]. This vat-based technology involves
the use of a reservoir filled with photocurable resin, in which a build platform moves along
the Z-axis to recover the growing piece with a fresh layer of resin. Each of these layers is
photopolymerized by a projector that typically works in the UV /near-UV range, projecting
a pattern mask generated by a digital micromirror device. The micromirrors represent all
the available pixels, switched between on and off stage for obtaining the desired geome-
try [38—40]. For depositing the conductive path needed for the component’s soldering, an
extrusion-based (MEX) printer was selected. In these types of AME techniques, such as
Direct Ink Writing (DIW), inks are deposited on a substrate using a syringe or container and
a pressing piston, whose pressure can be regulated by a screw. This technology is frequently
chosen because it doesn’t require a heated printing head or bed. However, rheological
requirements for the printable inks are strict, due to the necessity for high consistency and
gel-like viscosity, for ensuring the proper shape retention after the ink deposition [41]. In
this study, the conductive inks were deposited using a MEX electronic prototyping tool
for the design of printed circuit boards (PCBs), equipped with software that translates a
Gerber file, which contains the design of the circuit, into precise instructions [42]. Later,
the GaN component was soldered on the deposited silver pad, through the thermal pad,
and connected to the testing circuitry, used for the thermal exchange evaluation. Lastly,
thermal characterization was performed, using a thermal camera for registering the heat
flux, a hydraulic system for providing liquid coolant, namely water, into the 3D printed
substrate, which was fixed into a 3D printed chamber for liquid containment.

In this context, three different models were designed, simulated, fabricated, and
tested, showing that the digital model and the real world had a close agreement in terms
of experimental and simulated thermal behavior. In detail, all the designed parts could
achieve efficient thermal exchange with the selected cooling medium, compared to solely
air cooling, demonstrating the importance of large exchange areas on electronic substrates
for high switching devices.

2. Materials and Methods

Three different substrate configurations were designed, simulated, and fabricated
in this work, while the hydraulic system was adapted for the various solutions. Each
configuration is composed of the heat exchange platform and a custom-built holder, and it
differs from the others in the heat transfer fins pattern.
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The GaN component selected for performing some first trials in terms of heat dissipa-
tion, die attaching, and simulation was the Top-side cooled 100 V E-mode GaN transistor
(GS61008T, Infineon Technologies AG, Neubiberg, Germany). This specific component was
chosen since it has a big thermal pad located on the back with respect to the power and
gate terminal region. This thermal pad has a low thermal resistance, 0.55 K/W, and it is
located very close to the active part of the component [43].

2.1. Design and Simulation

Finite-Element-Method (FEM) simulations were used to determine the most perform-
ing design out of the three configurations. Five simulations were conducted in COMSOL
Multiphysics 6.4, each employing one of the three different model designs. The study was
set to couple the Fluid Dynamics and Heat Transfer modules through the Multiphysics
interface. For each simulation, results were gathered regarding the temperature of the body
and the velocity field of the water flow. The aim of the study was to determine which of the
heat transfer fin patterns is more suitable for the heat exchange platform, by considering
the pattern that leads to a lower overall temperature of the body.

The five simulations were employed to assess the viability of the system. By simulating
the model, it was possible to verify that the system was effectively working as intended
before printing it. The simulations were set as follows: the first three simulations each
employed one of the three models; a fourth one employed model 1 with the addition of a
box of air surrounding it; a fifth simulation was created with model 1 without water to be
used as a comparison for a no-flow state. The box in the fourth simulation increased the
similarity with a real case scenario, and it was used to detect possible differences with the
simpler but less realistic no-box simulations, for thermal data comparison only. The four
simulations without an air box were built with an air flux node on the external boundaries
of the model to simulate the surrounding environment.

The 3D CAD models designed and simulated for each of the three configurations
are reported in Figure 1. The three models are each comprised of the holder, the alumina
heat sink, and a replica die composed of four layers of acrylic plastic, GaN, silicon, and
gold to mimic the exact anisotropic thermal behaviour of the component and its ther-
mal pad. The replica die reflected the same dimensions of the real die, having a volume
of 7mm x 4 mm X 0.65 mm. The holders for the three models differ in the cavity vol-
ume in order to accommodate the different heat sinks, which have different dimensions.
Holder for model 1 has cavity dimensions of 14.7 mm x 10.7 mm x 8.2 mm, for model 2
19.7 mm x 10.7 mm X 8.2 mm, and for model 3 20.78 mm x 10.7 mm x 8.2 mm (width,
depth, height, in mm).

@ (b) (©

Figure 1. 3D CAD models used in the simulations. (a) model 1, cavity volume:
14.7 mm x 10.7 mm X 8.2 mm; (b) model 2, cavity volume: 19.7 mm X 10.7 mm X 8.2 mm;
(c) model 3, cavity volume: 20.78 mm x 10.7 mm X 8.2 mm.

For each simulation, a domain heat source was placed on the active layer of the
component and set to have a heat rate of 1.4 W. For the four simulations with a water flow,
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water was set to flow through the inlet and into the chamber at 16 °C with a flow rate of
17.3 mL/min. Power was calculated according to

P=1.V

where the electric current I = 140 mA and the V = 10 V. The flow rate was set as to be the
same value of the pump used in the test phase.

The following materials were assigned in the model builder: acrylic plastic for the
holder and for the upper half of the component; air for the air box surrounding the system;
alumina for the heat exchanger; gold for the die thermal pad; silicon for the lower half
of the die; silver for the silver layer laid down on the heat exchanger; solder paste for
the solder paste layer spread onto the silver layer; water for the coolant; GaN for the
gallium nitride layer inside the component. Material properties used in the simulations
are reported in Table 1. For alumina, values given by COMSOL documentation were used
for heat capacity, while density and thermal conductivity were taken from the alumina
manufacturer’s database. Simulation results proved to be consistent with thermal tests.

Table 1. Summary of properties of the materials used in the FEM simulation.

Dynamic Viscosity

Heat Capacity Thermal Conductivity

Material [Pa-s] Density [kg/m?3] /kg K] [W/m-K] Notes
Acrylic Plastic - 1190 1470 0.18
Air at 16 °C 1.79 x 10~ 1.22 1005 0.026
Gold - 19,300 129 317 See COMSOL
Silicon - 2329 700 130 documentation
Silver - 10,500 235 429 [44]
Solder Paste - 9000 150 50
Water at 16 °C 1.1 x 1073 1000 4191 0.59
Alumina - 3900 900 30 [44,45]
GaN - 6150 490 130 [46]

Stationary Navier-Stokes equations were used to evaluate the fluid dynamics simula-
tions, assuming the fluid to be incompressible and Newtonian so that density and viscosity
could be approximated as constants. The no-slip boundary condition was applied on the
exterior walls [47]. For the Fluid Dynamics part of the simulation, water was set to flow
from the inlet surface as a fully developed flow with a fixed flow rate. Laminar Flow and
Heat Transfer were coupled within the COMSOL interface to study the heat dissipation
effectiveness of the system.

The mesh was generated in two steps by building the GaN layer first and the remaining
domains last. This was done to ensure that the mesh building process properly considered the
different dimensional scales of the domains, since the GalN layer had a thickness of 1.5 pm.

2.2. AME

The simulated substrates were 3D printed using AdmaPrint A130 (Admatec, Goirle,
The Netherlands) as constitutive material and the Admaflex 130 Entry (Admatec, Goirle,
The Netherlands) as DLP printer.

For ensuring good build platform adhesion during printing, a baseplate was designed
and added to the CAD models, generated using Rhino 5.0 (Robert McNeel & Associates,
Washington, DC, USA) as reported in the Figure 2 below, together with the printed dimen-
sions adapted of 1.3 along X- and Y- axes, and 1.39 x along Z- axis, for compensation for
sintering shrinkage. The used parameters, set for each slice generated by the printer soft-
ware (AdmaflexUI v1.2.5.1, Admatec, Goirle, The Netherlands) (Figure 3), are summarized
in Table 2 below.
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Figure 2. CAD design of the three simulated, tested, and fabricated models, reporting (a) measure-
ments, in mm, of the areas of the three models, and (b) measurements, in mm, of the thicknesses of

the three models. Both (a,b) show the designed baseplates, used for improving the parts” adhesion
and promoting the subsequent detachment at the end of the print job.

B save P print

& oo B Advances

Change settings for slice [l to
O (base) Thickness
1-20 | Repent
Led power

21-32
33
34

Pixel value
Exposure time
Delay before exposure

Delay after exposure
Transport speed
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Transport distance margin
Up/down distance
Up/down speed
Up/down acceleration
Slow up distance
Slow up speed
Slow down distance
Slow down speed

siice [l o149 [~

'O Undo C Redo Reset to defaults

Figure 3. Image from the printer slicing setting, reporting the layer division used.

Idle

Table 2. Summary of the used parameters for the models’ printing processes.

Layers Parameter Value
Layer thickness (um) 50
0 (base) Led power (%o) 600
Exposure time (s) 25
Layer thickness (um) 30
1-32 (baseplate) Led power (%o) 600
Exposure time (s) 5
Layer thickness (um) 30
33 (over curing layer) Led power (%o) 600
Exposure time (s) 50
Layer thickness (pum) 60
34 (under curing layer) Led power (%o) 600
Exposure time (s) 5
Layer thickness (um) 30
35-149 (parts) Led power (%o) 600
Exposure time (s) 5
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After printing, the parts were cleaned using Tri (propylene glycol) monomethyl ether
(TPM) as wash solvent (3D basics, AprintPro, Guntramsdorf, Niederosterreich, Austria)
and ultrasonic bath (CP104 ultrasonic cleaner, CEIA, Arezzo, Italy) for 5 min at 59 kHz.
Lastly, the thermal debinding and sintering were performed to obtain the final white objects.
The processes were carried out through the furnace (Bottom loading debinding/sintering
furnace, Termolab, Agueda, Portugal), using the profile reported in Figure 4.

Debinding and sintering profile
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Figure 4. Debinding and sintering profile used for the selected material. The red line identifies the
moment where the air flux is shut down during the process. Graph realized using Matlab 2024a.

The conductive pads were printed on the sintered alumina substrates with the MEX
printer Voltera V-one (Voltera Inc., Waterloo, ON, Canada). The used conductor ink was
Conductor 3, which is a silver-based ink provided by the machine’s manufacturer (Voltera
Inc., Waterloo, ON, Canada). This type of ink was chosen because of its high conductivity
and stable performance in ambient conditions [48,49]. The selected extrusion nozzle inner
diameter was 0.23 +/— 0.01 mm, and it was used to print a pad with XY-dimensions of
3.1 x 5.5 +/— 0.2 mm. The deposition parameters were print height Z = 0.03 mm and ex-
trusion rate E = 5 um. After depositing the ink, the curing process was performed to solidify
the ink and ensure adhesion to the substrate. The chosen profile was 90 °C for 45 min
during the curing process in the oven (UF30, Memmert GmbH+, Schwabach, Germany).

Additive manufacturing techniques were also employed to create the holder for the
heat exchanger. The holder was comprised of a bottom part, which included the inlet
and outlet for the tubes, and a vat to insert the heat exchanger into. The CAD design was
created using Solidworks 2024 and then printed using the OBJET30 Polyjet printer from
Stratasys (Eden Prairie, MN, USA). This 3D printer uses a liquid UV photopolymer as resin
(VeroWhite™, Stratasys, MN, USA), deposited by the inkjet head layer by layer. Each layer
is polymerized by the UV lamp, and after each layer is completed, the tray steps down
along the Z axis to start over with another deposition. Along with the photopolymeric resin
mentioned, the printing head deposits another material, the SUP705 sacrificial support,
that was removed immediately after the printing phase.

2.3. Component Attach

The component was attached to the heat exchanger pad using a eutectic die-attach
process. For this purpose, the Sn42Bi57Ag1 Low Temperature Solder Paste (MG Chemicals,
Burlington, ON, Canada) was used. The solder paste was applied as follows: first, the paste
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was deposited on a small spatula directly from its syringe, then the paste was manually
spread on top of the silver layer. A stencil made from a sheet of Kapton with a thickness of
75 pm and XY dimensions of 3.1 x 5.5 mm was used to confine the paste and to control
its thickness.

After positioning the component on the solder paste layer, the device was put into
the MR10 reflow oven (Mechatronika sp.j., Elblag, Poland) with the soldering profile
reported in Figure 5. The set parameters, reported in Figure 5, were T, (preheating heater
temperature), T; (reflow heater temperature), ty (initial preheating time), tp (preheating
time), tg (reflow time), tp (dwell time), and tc (cooling time).

Soldering profile
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Figure 5. Soldering profile used, based on the soldering paste and reflow oven. Graph realized using
Matlab 2024a.

2.4. Testing

The thermal performance of the developed prototype equipped with the innovative
heatsink was evaluated using an infrared camera SC240N (Vevor, Shanghai, China) (thermal
range: —20 °C to +350 °C; resolution: 240 x 180 pixels; framerate: 20 Hz). The prototype
was mounted on an optical test bench under standard operating conditions, and the camera
was positioned to capture the full surface under test. Thermal images were recorded during
operation until steady-state conditions were reached, with temperature profiles analysed
to extract maximum and minimum temperatures, as well as the temperature at the point
of interest.

For creating the closed-loop recirculation system, polyurethane tubes and a peristaltic
pump were used. The tubes (TU0604G-20, from SMC, Tokyo, Japan) were 16 cm long, both
for the inlet and outlet of the system, and were directly mounted on the container through
a push fit. The peristaltic pump (Fluid-o-Tech, TP16, Milan, Italy) was then connected to
the tubes and set at 16 V, which corresponded to a measured flow of 17.3 mL/min. The
selected cooling liquid was distilled water at 16 °C, which was introduced into the system
through the vat.

The GaN device was turned on and heated up by connecting it to a conditioning
circuit, designed for generating about 1.4 W at 10 V. The power supply Tenma 72-2645,
Triple Channel DC Power Supply, Programmable, 315 W (Chinese Original Equipment
Manufacturers (OEMs) Zhongshan City, Guangdong Province, China) was connected to
the device using copper wires with tinned ends (Figure 6).
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Figure 6. Testing setup, showing the conditioning circuit and the multimeter used during the measurements.

3. Results

3.1. Design and Simulation

The temperature, velocity field, and pressure results are reported in Figures 7-9

respectively. As can be seen in Figure 7, simulating an air box surrounding the model

didn’t contribute significantly to the temperature results, with respect to the simulations

without it. Overall, there is a negligible difference between the three designs employed. The

simulated model 3 gave overall lower temperatures compared to the others, with slightly

higher velocity and pressure.

(a)

(b)
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Figure 7. Temperature map of the three models after 60 s of simulation. (a) model 1 with a simulated

air box surrounding it; (b) model 1 without air surrounding it; (c) model 2; (d) model 3.
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Figure 8. Water velocity field of the three models after 60 s of simulation. Water flows from right to

left. (a) model 1; (b) model 2; (c¢) model 3.
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Figure 9. Pressure map of the three models after 60 s of simulation, measured on the walls of the
fluid domain. Water flows from right to left. (a) model 1; (b) model 2; (c) model 3.

model 1 without water flow can be seen in Figure 10.

For comparison purposes with a no-flow scenario, results for the simulation with
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°C

1102
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min: 20.01°C 20

Figure 10. Simulated model 1 without water flow as seen from above.

The three different models were tested with respect to their thermal resistance and
convective heat transfer coefficient.

3.2. AME

The printed and post-treated substrates are reported in Figure 11 below. As can be
deduced from the measures, a shrinkage phenomenon took place during the sintering step,
which is the rationale behind the selected dimensions for the 3D CAD models reported.

15mm A0 ‘ 21 mm
| 11.2 mm 11.2 mm
11 mm
5 mm 5mm 5mm
2.8, (’\ /'77\ " .
N ﬁ—\\TJ'K\\\\\f
3 i ) M 0.95mm :
{"l/'/ 4 M
QRS N
5 mm 5 mm
5 mm b L

Figure 11. As sintered white bodies, with related measurements, of each fabricated model.

Lastly, the design of a dedicated baseplate for each printed part guaranteed a smooth
plane surface, which was used for the deposition of the conductive silver paste, as in
Figure 12. A profile of the deposited silver layer can be seen in Figure 13.
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Figure 12. Sintered models showing the deposited silver ink, with related measures.
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Figure 13. Profile of the deposited silver layer, measured along the short dimension.

3.3. Die Attach

Once the reflow oven soldering process was finished, the samples were taken and
analysed under a microscope. The aim of this analysis was to confirm that the paste had
melted evenly and that the die was firmly attached to the substrate.

The die attach process has been successfully completed: the die remained firmly
attached during testing. Lastly, the assembled devices were inserted into the designed
container used for the subsequent test, as reported in Figure 14 below.

Figure 14. Representation of the three fabrication steps: (a) printing and sintering of the designed
component, (b) silver and soldering pastes deposition for the subsequent die attaching process,
(c) assembled device, with the GaN component on top, ready for testing.
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3.4. Testing

The thermal response of the three model configurations was evaluated using infrared
(IR) thermography to assess their heating efficiency and heat dissipation characteristics.
Figure 15a—c illustrates the steady-state thermal profiles under two distinct environmental
conditions: ambient air and submerged in water. In all three configurations, the application
of a constant current (approximately 140-145 mA) for 60 s resulted in a localized temper-
ature increase concentrated at the device core. The thermal images show a distinct hot
spot, with heat radiation extending slightly into the surrounding substrate. Configuration
(a) exhibited a broader thermal footprint compared to (b) and (c), which showed more
confined heat localization.

(@) Modell configuration

@|95.6 °C s
Max:100.6 °C
26.1°C ‘Mm;zz,S"c

Air, OmA, Os Air, 145mA, 60s Water, 0mA, Os Water, 140mA, 60s

(b) Model2 configuration

23.0°C .:‘.:"':w 2026101115 ) °C zozs;o:;w 29.6 °C ?n;w;;x)j.’;\s @
Max:24.2 °C Max:100.5 °C / 8.1°C Max:38.4 °C
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= 095
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Figure 15. Thermal camera recorded images of the thermal behaviour of the three models in different
conditions: (a) model 1 component (1) behaviour was observed at (2) 0 mA in air, then the current was
turned on (3), giving the component 145 mA for 60 s. The same configuration was studied in different
conditions, starting with (4) 0 mA to (5) 140 mA for 60 s, using water as the cooling liquid. (b) Model 2
component (1) behaviour was observed at (2) 0 mA in air, then the current was turned on (3), giving
the component 143 mA for 60 s. The same configuration was studied in different conditions, starting
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24.0 °C
Max:29.0 °C
Min :19.4 °C

with (4) 0 mA to (5) 146 mA for 60 s, using water as the cooling liquid. (c) model 3 component
(1) behaviour was observed at (2) 0 mA in air, then the current was turned on (3), giving the
component 148 mA for 60 s. The same configuration was studied in different conditions, starting with
(4) 0 mA to (5) 145 mA for 60 s, using water as the cooling liquid. The three temperature indicators,
presenting different colours, identify the points where the minimum (green) and the maximum (red)
temperatures are reached, together with the indication (white) of the point under test.

Figure 16 shows the temporal evolution of the surface temperature of the device in
model 3 configuration under a constant input current of 145 mA over a 15 min ON-time
with different pictures taken every 5 min. The thermal images indicate a progressive
increase in peak temperature of the die with time under constant current operation, with
heat primarily concentrated at the central component and limited thermal diffusion to the
surrounding elements. At the end of the test (15 min), the maximum recorded temperature
reached 47.0 °C.

Model 3 configuration

o 2026/01/15 ° 2026/01/15 o 2026/01/15
41.0°C’ s CHEENESC i omESeC
Max:41.6 °C & ol Max:44.6 °C Max:47.0 °C

1.6 °C | Min :21.6 °C Min :21.6 °C

18:24

5 min 10 min 15 min

Figure 16. Measured temperature profile of model 3 as a function of time (0-15 min) under a constant
input current of 145 mA. The three temperature indicators, presenting different colours, identify the
points where the minimum (green) and the maximum (red) temperatures are reached, together with
the indication (white) of the point under test.

3.5. Thermal Characterization

Thermal resistance values for the three models were evaluated and calculated for both
simulated and experimental samples using the following formula:

Thot — Teotd
R — 0 co
th P
where P is the dissipated power and Tj,,; and Ty are the maximum temperature measured
on the component and the water temperature measured at the inlet, both in the simulations
and in the experiments, as can be seen in Figures 7 and 15. Results can be seen in Table 3.
Convective heat transfer coefficient was also calculated for each of the simulated

models, according to the formula:
1

"Ry A

where Ry, is the thermal resistance calculated in the previous step, and A is the wetted area

h

obtained through COMSOL as the surface of the water volume in contact with the alumina
heat sink [50]. Results can be seen in Table 4.
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Table 3. Thermal resistance values for each model, from both the simulation and the experimen-
tal sections.

Model Thot [°C] Teoa [°Cl P [W] Rth [K/W]

Simulation

1 38.1 16 1.4 15.79

2 375 16 14 15.36

3 36.8 16 1.4 14.83
Experimental

1 47.1 209 14 18.71

2 38.4 17.4 1.4 15.00

3 38.6 21.5 1.4 12.21

Table 4. Convective heat transfer values for each model used in the simulations.

Model Rth [K/W] A [m?] h [W/m? K]
1 15.79 0.0004839 130.88
2 15.36 0.0005404 120.47
3 14.83 0.0005215 129.30

4. Discussion

As clearly emerging from simulations, module 3 geometry is opposing the fluid flow
much more than the previous versions. As it is visible in Figure 9c, this generates a
slightly bigger pressure drop across the water chamber, if compared to module 1, and
a slightly higher average velocity, as shown in Figure 8c. This, together with its higher
heat exchange surface, seems to increase its dissipation capabilities, lowering the overall
maximum temperature, as shown in Figure 7d. As far as the heat exchange surface is
concerned, the three CAD models were designed to increase it. In model 1, a different
amount of heat exchange free area can be quantified as 278.8 mm? for the substrate without
the additional fin structures and as 744.7 mm? for the full version of model 1. Model 2 free
available area can be quantified as 377 mm? in the absence of the additional fin structures,
and as 815.8 mm? for the full version of model 2. Model 3, instead, showed 390 mm? in
the absence of the additional fin structures, and 787.6 mm? in the full version of Model 3.
These last two designs, compared to model 1, were inspired by a reference structure, the
de Laval-like nozzle geometry. It was selected to better direct and accelerate the fluid flux
below the component.

The operational conditions under which the testing was conducted simulate a scenario
where the device is required to undergo continuous power-on and power-off cycles.

A first observation emerges from the comparison between tests performed in air and
those conducted in water. For all three investigated configurations, the application of the
same current input for a duration of 60 s resulted in a temperature reduction when the
device was operated in water compared with the air-cooled condition. This temperature
difference can be primarily attributed to the superior thermal properties of water that
exhibits a thermal conductivity (~0.6 W-m~!-K~!) nearly an order of magnitude greater
than that of air (~0.026 W-m~!.K~!) and to a substantially higher volumetric heat capacity.
Figure 17 shows that in air, all models exhibit a pronounced and nearly uniform temperature
increase, with AT values ranging between approximately 74 °C and 76 °C, indicating
consistent thermal behaviour across the different configurations. This similarity suggests
that, under air-cooled conditions, heat dissipation is primarily limited by the surrounding
medium rather than by device-to-device design variations.
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Figure 17. For the three device models tested in air and in water, (a) the graph compares the
temperature rise (AT) measured after 60 s at an input current of 145 mA; (b) the percentage of
temperature reduction.

In contrast, operation in water results in a substantial reduction of the temperature rise
for all devices. The measured AT values decrease to approximately 21 °C for model 1 and
to about 10 °C for models 2 and 3. The observed reduction highlights the strong influence
of the cooling environment on the effective thermal resistance of the system. From a
thermal engineering perspective, this behaviour can be attributed to the significantly higher
thermal conductivity and convective heat transfer coefficient of water compared to air,
which enables more efficient removal of the heat generated by Joule dissipation. From an
electronics and system design standpoint, the resulting lower temperature rise directly
translates into reduced junction and case temperatures for a given input current, thereby
improving operational reliability and extending component lifetime.

These characteristics lead to enhanced convective heat transfer and more efficient
removal of the power dissipated at the device surface, further facilitated by the large
surface area directly exposed to the liquid. Also, from an electronics perspective, the
resulting reduction in effective thermal resistance translates into lower junction and case
temperatures for a given input current, improving operational reliability and potentially
extending component lifetime.

A second observation concerns the thermal behaviour of the system under the se-
lected operating conditions. By utilizing a closed-loop experimental arrangement, the
setup effectively isolated the heat dissipation characteristics inherent solely to the device’s
architecture. Under these specific conditions, the intrinsic thermal management of the
device prevents heat accumulation; instead, the temperature decreases and stabilizes at a
lower steady-state equilibrium without the requirement for external cooling systems. This
self-regulating thermal efficiency offers significant potential for the development of more
compact, lightweight systems, as it eliminates the need for bulky dissipation hardware and
facilitates more streamlined integration into the final application.

Among the tested device configurations, model 3 exhibited the most favourable
thermal performance; therefore, a medium-long duration test was conducted to evaluate
the temporal stability of its operating temperature under static ON test. As shown in
Figure 18, the temperature initially increases from approximately 29 °C to 41.6 °C within
the first 5 min, corresponding to an average heating rate of about 2.4 °C/min. This initial
phase is characterized by rapid thermal transients, during which internally generated heat
exceeds the heat dissipated to the surrounding environment. Beyond 5 min, marked by the
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dashed line in the graph, the temperature rise significantly slows down, increasing from
41.6 °C to approximately 47 °C over the subsequent 10 min. In this regime, the effective
heating rate decreases to approximately 0.54 °C/min, representing a reduction of about
77% compared to the initial heating phase.

Thermal Response Curve for Model 3 at 145 mA
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Figure 18. Thermal Response Curve: the long-term thermal behaviour of the temperature monitored
over a time window ranging from 0 to 15 min at a constant input current of 145 mA for model 3.

This pronounced flattening reported on the thermal response curve indicates that
the system approaches a quasi-steady-state condition, in which the rate of heat gener-
ation becomes nearly balanced by the rate of heat dissipation. From a thermal physics
standpoint, this behaviour suggests that the device-environment system transitions from
a transient-dominated regime to a near-equilibrium state, characterized by a markedly
reduced temperature gradient. Such stabilization is a strong indicator of effective passive
thermal management and confirms that device 3 can sustain prolonged operation without
experiencing a significant temperature runaway.

5. Conclusions

Device operating conditions characterized by repeated on/off switching are typical of
high-efficiency electronic actuators, IoT sensing nodes, laser systems, and power conversion
modules, which commonly operate in pulsed modes. For this reason, it is essential to
consider cooling solutions that are both innovative from a thermal management perspective
and capable of delivering high performance while remaining compatible with highly
integrated and miniaturized system architectures.

In this context, the present research successfully demonstrates that additive manufac-
turing for electronics (AME) represents a rapid and flexible prototyping approach for the
development and integration of advanced cooling solutions, enabling effective thermal
management without compromising system compactness. Additively manufactured sub-
strates for WBG, that include cooling strategies, were here simulated, fabricated, tested,
and compared, to verify both the reliability of the digital twin and the effectiveness of
the adopted solution. In this context, the three developed designs showed an efficient
thermal exchange with the selected cooling medium, water, compared to the behaviour
in air. In particular, models 2 and 3 demonstrated the best thermal response, achieving
a temperature reduction exceeding 80% when transitioning from air to water cooling. A
close agreement between experimental measurements and simulated thermal behavior
was observed for all models, confirming that the digital twin accurately reproduces real
operating conditions.
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In this context, the present research successfully demonstrates that additive manufac-
turing for electronics (AME) represents a rapid and flexible prototyping approach for the
development and integration of advanced cooling solutions, enabling effective thermal
management without compromising system compactness. Additively manufactured sub-
strates for WBG, that include cooling strategies, were here simulated, fabricated, tested,
and compared, to verify both the reliability of the digital twin and the effectiveness of the
adopted solution. In this context, the three developed designs showed an efficient thermal
exchange with the selected cooling medium, water, compared to the behaviour in air. Com-
paring the testing results with the simulated thermal behaviour, it appears clear that the
realized digital twin for all the designed models reflects their real conditions accurately.
The digital twin developed is proven capable of predicting the thermal behaviour of the
module. Further research will also be dedicated to matching some dynamic boundary
conditions of the electrical problem. This framework allows for testing different heatsink
designs and materials, further improving the sustainability by including recycled materials.

Moreover, the achieved results provide a solid foundation for future advancements,
including the integration of external cooling solutions to support applications requiring
prolonged continuous operation.
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