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REVIEW ARTICLE
Recent advances in thermal management via
additive manufacturing

Sooyeon Jit(?, Junyeol Choi'(, Myounggi Hong®), Jeongwoo Lee?,
Yong Choi‘?, Jiheon Kim‘>, Jaemin Lee*", and Wonjoon Choi*

School of Mechanical Engineering, Korea University, Seongbuk-Gu, Seoul, Republic of Korea

Abstract

Additive manufacturing (AM) has emerged as a transformative approach foradvancing
thermal management technologies, providing unprecedented freedom in design,
material customization, and the implementation of novel thermal control strategies.
This review presents a comprehensive overview of recent progress in AM-enabled
thermal management, with an emphasis on enhancements in conductive,
convective, boiling, and radiative heat transfer. AM facilitates the fabrication of
complex architectures and composite materials with tailored thermal conductivities,
substantially improving heat dissipation in diverse applications, including electronics,
automotive systems, aerospace structures, and building technologies. Notably, recent
developments in thermal metamaterials—such as structures capable of thermal
cloaking and directional heat conduction—highlight the considerable potential of AM
formanipulating complex thermalfields. Furthermore, the integration of phase change
materials within AM-fabricated structures offers improved energy storage capacity
and efficient thermal regulation. Future research should focus on the development
of advanced composite materials, the integration of artificial intelligence for design
optimization, the exploration of multifunctional metamaterials, and the advancement
of sustainable and scalable AM processes. Hybrid and multimaterial AM techniques
are particularly promising, enabling the fabrication of complex, functionally graded
structures with precisely tailored thermal and mechanical properties. Addressing
critical challenges—including structural integrity, microstructural control, material
scalability, cost-effective production, and environmental sustainability—will further
strengthen the role of AM in thermal management. In addition, the continued
incorporation of high-fidelity computational simulations and real-time monitoring
into AM workflows is expected to enhance process reliability and reproducibility.
Expanding the range of AM applications to encompass lightweight and optically
transparent polymer-based devices could unlock new avenues for thermal
management in sensitive electronic and photonic systems.

Keywords: Thermal management; Conduction heat transfer; Convection heat transfer;
Boiling heat transfer; Radiative cooling; Phase change material; Thermal metamaterial

1. Introduction

Thermal management is a critical aspect of modern engineering, impacting sectors
from electronics cooling to building energy efficiency. The global building sector, for
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example, consumes approximately 34% of energy and
contributes 37% of global CO, emissions; improving
insulation and thermal efficiency of building materials is a
high priority." At the same time, electronic and automotive
systems are dissipating ever-higher heat fluxes due to
device miniaturization and increased power density.>’
Conventional passive cooling solutions (e.g., air-cooled
aluminum heat sinks) are approaching performance limits
as heat fluxes can exceed 50-100 W/cm?in advanced
devices.* These trends drive the need for new materials and
designs that can spread and remove heat more effectively
while minimizing weight and volume.

Additive manufacturing (AM) refers to layer-by-layer
fabrication processes capable of producing complex and
intricate geometries directly from digital models.> This
innovative technology transforms digital designs into physical
objects by successively depositing material layers, offering
unparalleled flexibility and precision in manufacturing.
Compared to traditional subtractive manufacturing
methods, which involve removing material from a solid
block, AM provides unprecedented geometric freedom.
This freedom enables the creation of sophisticated internal
structures such as lattices, fins, and porous architectures,
which are challenging or even impossible to fabricate through
conventional methods. In addition, AM allows precise
control over the internal geometry, enabling designers to
realize intricate and optimized structures tailored for specific
applications.® Furthermore, AM facilitates the precise and
customizable placement of materials, making it possible to
produce advanced composite materials and functionally
graded structures.”” Such tailored material distributions
allow engineers to finely adjust mechanical and thermal
properties to satisfy stringent performance requirements and
address complex design challenges.

In thermal management applications, these capabilities
of AM offer substantial improvements in performance
along with unprecedented design freedom compared to
traditional fabrication techniques. For example, intricate
and complex internal cooling channels can be directly
integrated within heat exchangers, enabling efficient
coolant circulation and significantly enhancing overall heat
dissipation performance." Furthermore, various lattice
structures can be designed and fabricated to substantially
increase the available surface area for heat transfer,
effectively maximizing convective heat transfer efficiency."
In addition, AM technology allows precise control over
the selection and placement of materials, enabling the
production of customized composite structures optimized
for specific thermal requirements. For instance, highly
thermally conductive materials such as metallic or carbon-
based fillers can be selectively incorporated in regions
demanding high thermal conductivity.'*"® Similarly,

regions requiring enhanced radiative cooling performance
can incorporate nanomaterials or nanoscale structures
exhibiting high emissivity, thereby significantly boosting
the overall thermal performance of the system.’* Another
notable advantage is the ability of AM processes to unify
multiple individual thermal management components
into a single integrated structure.”” Such integrated
designs drastically reduce thermal interface resistances
arising from joints between separate components,
thereby enhancing system reliability, durability, and
thermal performance. Moreover, this approach simplifies
manufacturing procedures and reduces production
costs. Finally, AM technologies facilitate the creation of
advanced thermal metamaterials specifically engineered
to precisely manipulate heat flow characteristics,
including directionality and magnitude.'*"” These thermal
metamaterials can achieve functionalities previously
unattainable with conventional materials, such as thermal
focusing, cloaking, and directional heat conduction.
Consequently, AM-driven thermal metamaterials represent
an innovative class of solutions, providing entirely new
possibilities for controlling and managing thermal energy.
Therefore, continuous development and adoption of AM
technology are expected to play a critical role in advancing
future thermal management solutions.

This review provides a comprehensive overview of how
AM is advancing the field of thermal management. Section
2 introduces common AM methods and heat transfer
mechanisms. Section 3 discusses conductive heat transfer:
Enhancing thermal conductivity via AM-fabricated
composites, achieving thermal insulation with lightweight
structures and phase change materials (PCMs), and
designing thermal metamaterials. Section 4.1 covers
convection: passive and active heat sink innovations,
micro/mini-channel and triply periodic minimal surface
(TPMS)-based heat exchangers, and topology-optimized
cooling structures. The latter part of section 4 addresses
boiling heat transfer, both pool and flow boiling, including
3D-printed surfaces and two-phase devices. Section 5
discusses radiation heat transfer and passive daytime
radiative cooling. The paper concludes with an outlook on
future research directions, noting that while AM enables
unprecedented thermal management designs, careful
consideration of material behavior and fluid dynamics is
required to fully capitalize on its potential.

2. AM for thermal management
applications

2.1. AM techniques

AM, widely known as 3D printing, encompasses various
layer-by-layer fabrication processes enabling intricate and
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customized designs, which are impossible with traditional
manufacturing methods. The primary AM techniques
include material extrusion (MEX), vat photopolymerization
(VPP), powder bed fusion (PBF), direct energy deposition,
material jetting (M]), and sheet lamination (SHL).'®

MEX is a widely used AM technique, involving the
selective deposition of materials through an extrusion
nozzle to build 3D structures layer-by-layer. Prominent
examples of MEX methods include fused filament
fabrication (FFF) and direct ink writing (DIW). FFF is
the most common MEX method, in which thermoplastic
polymer filaments are melted in a heated nozzle and
extruded layer-by-layer. DIW differs from FFF by
extruding viscous inks, slurries, or pastes through a nozzle
using pneumatic or mechanical pressure to form intricate
structures directly. In thermal management using AM,
materials employed in each MEX method are typically
enhanced by mixing thermally conductive substances
such as metals or ceramics to improve heat dissipation
performance. In the specific case of DIW, materials are
often structured into aerogels to significantly enhance
thermal insulation performance. Beyond the conduction
heat transfer mechanism, polymer composites used in
MEX have also been primarily employed to regulate the
radiation heat transfer mechanism by effectively interacting
with infrared (IR).

VPP methods, such as stereolithography (SLA) and
digital light processing (DLP), polymerize liquid resins via
ultraviolet (UV) or visible light exposure. These methods
produce high-resolution, smooth surfaces and complex
geometries ideal for prototypes and intricate structures.
For thermal management, fillers with high thermal
conductivity (e.g., carbon-based materials and ceramics)
are often incorporated into polymer resins. Therefore,
this method is mainly used to control the conduction heat
transfer mechanism.

Laser PBF (L-PBF) includes techniques such as direct
metal laser sintering (DMLS), selective laser sintering,
selective laser melting (SLM), and electron beam melting.
These processes use thermal energy sources, such as lasers
or electron beams, to fuse powdered materials, ranging
from polymers and metals to ceramics. The strengths of
PBF include superior mechanical properties, dimensional
accuracy, and intricate structural capabilities. Due to
these strengths, particularly the ability to fabricate
complex structures with metals exhibiting high thermal
conductivity, PBF has found practical applications
across various thermal management fields. However,
challenges involve high equipment costs, residual stress
management, and porosity control.'** In response to these
challenges, particularly in metal-based L-PBF processes,

there has been growing interest in simulation-based
approaches to efficiently capture and manage the complex
thermodynamic behavior.?! Due to its capability to process
metal powders, this technique is predominantly applied
in controlling conduction and convection heat transfer
mechanisms.

Directed energy deposition (DED) employs
concentrated thermal energy, typically a laser, electron
beam, or plasma arc, to melt and fuse material feedstock
delivered as powders or wires. DED is effective for repairing
high-value parts and fabricating large components with
graded compositions. Yet, it faces challenges related to
precision, surface finish, and thermal distortion. This
fabrication technique is mainly employed to produce
components designed for use in convection heat transfer
mechanisms.

M]J involves jetting droplets of photopolymer or wax
onto a build platform and subsequently curing them using
UV light. MJ achieves high resolution and multimaterial
capability, essential for functional prototypes and detailed
models. However, it is limited by relatively slow build
speeds and expensive materials. This method is primarily
applied to the conduction mechanism.

SHL, exemplified by laminated object manufacturing
and ultrasonic AM, bonds sheets of materials—typically
metal foils, paper, or plastics—via adhesive or ultrasonic
welding. It is suitable for large, layered components with
embedded electronics but suffers from limited structural
strength and design complexity compared to other AM
techniques.

Each of these AM methods has unique advantages
and inherent limitations, making method selection
critical depending on targeted application needs, material
requirements, structural complexity, and economic
considerations.

2.2. Various heat transfer mechanisms for thermal
management

Effective thermal management is critical in a broad
spectrum of applications, from electronic cooling to energy
systems. Achieving optimal thermal regulation involves
utilizing various heat transfer mechanisms—conduction,
convection, boiling, and radiation, each offering distinct
advantages and characteristics.

Conduction heat transfer is fundamental and occurs
through direct molecular or atomic interactions, typically
occurring within solid materials, liquids, or gases at rest. It
relies on temperature gradients, where heat spontaneously
flows from regions of higher temperature to those of lower
temperature due to particle vibrations and collisions. In
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solids, particularly metals, conduction is highly efficient
due to free electrons facilitating rapid energy transfer. The
governing law for conduction is Fourier’s law, expressed as
Equation I:

q=-kVT D

Where g is the local heat flux density, W/m? k is the
thermal conductivity, W/(m-K); and VT is the temperature
gradient, K/m. Materials with high thermal conductivity,
such as metals or ceramics, are excellent thermal
conductors, whereas those with low thermal conductivity,
such as polymers or aerogels, are effective insulators.
Enhancing conduction involves incorporating highly
conductive fillers (e.g., metal/metal oxide particles, carbon
nanotubes [CNT], boron nitrides [BN]) into materials
to improve heat dissipation.”>”® Conversely, minimizing
conduction for insulation purposes involves porous
materials or aerogels to reduce the solid conduction
pathways. Conduction heat transfer is critical in
applications ranging from electronics cooling to building
insulation design, significantly impacting energy efficiency
and thermal management effectiveness.

Convection heat transfer refers to the transport of
thermal energy due to the bulk movement of fluids,
including liquids and gases. Unlike conduction, which
relies on molecular vibration without bulk fluid movement,
convection involves fluid motion thatenhances heat transfer
rates significantly. Convection can be categorized into
natural (free) and forced convection. Natural convection
occurs due to density variations within fluids, caused by
temperature gradients; warmer fluids expand, becoming
less dense and rising, while cooler fluids descend. In
contrast, forced convection involves external forces—such
as pumps, fans, or blowers—to actively drive fluid motion,
thus increasing heat transfer efficiency. Newton’s law of
cooling mathematically describes convection as Equation
II:

q=hA(Ts-T) (Im)

Where g is the heat transfer rate, W/m?% h is the
convective heat transfer coefficient, W/(m?K); A the
surface area, m* T is the temperature of the surface, K; and
T _is the temperature of the fluid, K. Convection is pivotal
in engineering applications such as heat exchangers,
electronics cooling systems, HVAC design, and thermal
management of engines. Optimizing convective heat
transfer involves techniques such as employing fins,
microchannels, or enhancing fluid turbulence, which
significantly impact overall system efficiency and
reliability.

Boiling heat transfer is a highly efficient thermal energy
transport mechanism involving phase change from liquid

to vapor. When a heated surface exceeds the liquid’s
saturation temperature, boiling initiates, forming vapor
bubbles. Boiling is classified primarily into two types: Pool
boiling and flow boiling. Pool boiling occurs in stagnant
fluids, whereas flow boiling occurs in fluids forced over
heated surfaces. The boiling curve identifies different
boiling regimes—natural convection boiling, nucleate
boiling, transition boiling, and film boiling—each with
unique heat transfer characteristics (Figure 1A).** Nucleate
boiling is especially effective, characterized by rapid bubble
nucleation, growth, and departure, providing high heat-
transfer coefficients (HTC) due to vigorous mixing near
the heated surface. Critical heat flux (CHF) marks the
transition to film boiling, where a vapor film insulates the
surface, dramatically decreasing heat transfer efficiency.
Enhancing boiling performance often involves surface
modification techniques such as microstructures, porous
coatings, or AM to increase nucleation sites, promoting
efficient bubble dynamics.>*

A
Single Ph; | | |
'('."‘)f“fmi:“l Nucleate Boiling Transition Boiling | Film Boiling
Pure Isolated ‘ Jets and Disturbed slug P
liquid |bubblcs columns ‘ flow | LT
| ‘ Critical Heat |
" ‘ Flux (CHF)
g |
Onset of |
nucleate "
boiling 9 Leid
(ONB) | Leidenfrost Point
A
7:|'_T;m
B Incoming
Outgoing IR 4
Natural Solar g. .g atmospheric
convection reflection radiation exilition
—
R

IR Radiator + solar reflector
Substrate

Figure 1. Examples of heat transfer mechanisms. (A) Boiling heat
transfer.”* Representative wall superheat and heat flux relation in the
boiling phenomenon and bubble mechanism. (B) Radiative cooling.””
Non-radiative heat transfer (e.g., natural convection), reflected or
absorbed energy to the material from solar irradiation, the outgoing IR
radiative energy emitted by the material, and incoming radiative heat to
the material from the atmosphere.
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Thermal transport devices leveraging liquid-to-vapor
phase transitions include heat pipes and vapor chambers.
Within a sealed, near-vacuum environment, the working
fluid evaporates at the heated region (evaporator) and
condenses at the cooler region (condenser). The condensed
fluid then returns to the evaporator by capillary action,
effectively transferring heat from the evaporator to the
condenser. Applications of boiling heat transfer and phase-
change devices span high-power electronics cooling,
nuclear reactors, refrigeration systems, and chemical
processing, highlighting their critical roles in advanced
thermal management solutions.

Radiation heat transfer provides unique advantages,
particularly in thermal management applications where
conductive or convective pathways are limited. Radiative
cooling technologies utilize engineered coatings and films
designed with selective emissivity characteristics to exploit
atmospheric transparency windows, effectively radiating
heat into space without external energy input (Figure 1B).”
Recent advancements include selective emitters and
specialized radiative cooling coatings capable of achieving
sub-ambient temperatures even under direct sunlight,
highlighting their efficiency as passive cooling solutions.
Due to these benefits, radiation cooling technologies are
increasingly employed in sustainable thermal management
applications such as building roofs, solar panels, electronics
cooling, and space cooling systems. As a passive, energy-
free method, radiation cooling represents an attractive and
sustainable approach to energy conservation and thermal
regulation.

In conclusion, understanding and exploiting these
various heat transfer mechanisms through advanced
material engineering and manufacturing processes like AM
offer promising pathways to achieving superior thermal
management solutions. Each mechanism, individually
or in combination, can be optimized to meet specific
thermal management challenges across diverse application
domains.

3. Conduction heat transfer for thermal
management using AM

3.1.Thermal conductivity enhancement through AM

Conductive heat transfer is mainly used to fabricate
fundamental structures that can reinforce the
performance of other heat transfer mechanisms. In this
section, we focus on how AM technologies utilizing
metallic, non-metallic, or hybrid materials can be
strategically employed to tailor thermal conductivity.
Specifically, we highlight approaches to increase thermal
conductivity for efficient heat dissipation, decrease it for
thermal insulation, and precisely control heat flow for the

development of thermal metamaterials designed to direct
or block heat as required.

In metal-based AM, desired geometries are fabricated
by melting and solidifying metal particles using energy
sources such as lasers or electron beams. In this process,
both the particle size and composition of metal particles
critically influence the resulting grain structure and
thermal conductivity. A representative study used 316L
stainless steel powder particles to control microstructure
via electron beam PBF and laser-DED processes."?
Unlike the columnar coarse crystals commonly found in
traditional PBF processes, this work demonstrated that
coarse particles in the powder bed undergo uneven melting,
acting as seeds to induce fine spherical grains with high
strength and ductility. Similarly, analysis of CoFeNi and
CoCrFeNi high-entropy alloy systems revealed that lower
thermal conductivity correlates with slower laser melting/
cooling rates, influencing solidification patterns such as
wider/longer remelted columnar grains.” As the grain size
decreases, the density of grain boundaries increases, which
enhances electron scattering at the interfaces and results
in reduced thermal conductivity. Therefore, in metal-based
AM processes, controlling grain size during fabrication is
essential for improving thermal conductivity.

In addition, localized high-temperature melting and
repeated powder reuse result in surface oxidation of metal
powders and melt pools, forming oxide inclusions. These
oxide layers and inclusions further decrease thermal
conductivity within the metallic structure and increase
interfacial thermal resistance, hindering heat transfer
in the melt pool and deteriorating interlayer bonding
quality. The presence of oxide films also decreases molten
metal wettability, causing incomplete fusion between
layers and interface defects such as micro-porosity, thus
compromising structural reliability. Such oxidation effects
and elevated interfacial thermal resistance adversely
affect thermal and mechanical properties in practical
applications, increasing residual stresses and complicating
subsequent welding processes, ultimately diminishing
component performance and reliability. Therefore, precise
grain size control and careful oxidation management
during fabrication are essential for optimizing thermal
conductivity and structural integrity in metal-based AM
processes.

To enhance thermal conductivity, the grain size can
be increased by controlling the laser scan speed during
the metal AM process. In the case of Cu-Al-Ni-Mn
shape-memory alloys, the high thermal conductivity of
the Cu and the shape-memory effect are advantageous.
It was observed that increasing the scan speed leads to a
reduction in martensite size, whereas lower scan speeds
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result in less grain refinement and consequently higher
thermal conductivity (Figure 2A and Table 1).* In another
study, a CuNi2SiCr alloy fabricated via L-PBF exhibited a
low thermal conductivity of approximately 70 W/(m-K)
(at room temperature) due to increased free electron
scattering from the supersaturated matrix containing Ni,
Si, and Cr; however, after a heat treatment at 500°C for 3 h,
nanoscale precipitates containing Ni, Si, and Cr formed
with the matrix, reducing the concentration of alloying
elements in solid solution. This microstructural change
increased the electron mean free path from 5.6 nm to
13.4 nm—an elevation of about 2.4 times—resulting in a
significant improvement in thermal conductivity reaching
up to 180 W/(m-K) in the heat-treated samples (at room
temperature).’® In addition, incorporating graphene into

aluminum using L-PBF achieved a 25.5 x 10-°/°C lower
coefficient of thermal expansion and approximately
10% higher thermal conductivity (140-180 W/m-K at
150-350°C) compared to conventional AlSi12 alloys."

Polymer-based composites typically exhibit lower
thermal conductivity compared to metals, but their excellent
formability, low manufacturing costs, and low density
make them particularly attractive for electric vehicles and
aerospace mobility applications. Therefore, overcoming the
limitation of low thermal conductivity in these polymer-
based composites can enable broader substitution for
metallic structures, potentially enhancing fuel efficiency
of mobility platforms and reducing manufacturing costs
associated with complex-shaped components. To address
this, various studies have investigated enhancing thermal
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Figure 2. Thermal conductivity control using additive manufacturing. Metal-based thermal conductivity enhancement materials: (A) L-PBF of Cu-Al-Ni-
Mn shape-memory alloy for the application of active heat sinks.?” Copyright © 2023 Wiley. Reproduced with permission of Wiley. Polymer and filler-based
materials: (B) MWCNT-filled PLA.* Copyright © 2023 American Chemical Society. Reproduced with permission of the American Chemical Society. (C)
Spring-like thermal conduction pathways of silver nanowire compounded with PDMS (S-AgNW/PDMS) composites.® The average length and diameter
of AgNW nanowires are 10.7 um and 115 nm, respectively. The outer and inner diameters of S-AgNWs are ~1.8 mm and 1.0 mm, respectively. Copyright
© 2024 Wiley. Reproduced with permission of Wiley. Thermal insulation materials: (D) 3D-printed silica aerogels by directly writing temperature-induced
solidifiable inks.” Copyright © 2021 American Chemical Society. Reproduced with permission of the American Chemical Society.

Abbreviations: AgNW: Silver nanowire; MWCNT: Multi-walled carbon nanotubes; L-PBF: Laser powder bed fusion; PDMS: Polydimethylsiloxane; PLA:
Polylactic acid; PVA: Polyvinyl alcohol; S-AgNW: Silver nanowire in spring-like structure.
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Table 1. Summary of thermal conductivities measurement

Materials AM method Geometry Thermal conductivity Measured region References
(W/[m-K]) (t)
Thermal conductivity enhancement
Metal-based
CuNi,SiCr alloy L-PBF Heat-treated 180-240 ~25-62001 30
Graphene (25 wt%)-AlSi12 alloy L-PBF Carbon, Al,C, cluster 140-170 ~150-3501] 13
Cu-Al-Ni-Mn alloys L-PBF Of course, low-scan rate  30-50 At 30001, 3801 29
Polymer-based Max.
LLDPE/BN@GNPs FFF Direction-dependent 3.11 Room temperature 38
BNNS (30 wt%)/TPU FFF Direction-dependent 1.80 Room temperature 31
MWCNT (20 wt%)/PLA FFF Direction-dependent 0.575 35-1080] 32
Hexadecane/POE/AEO/GNPs DIW Direction-dependent 1.276 4001 36
Pitch carbon fiber PLA FFF Direction-dependent 37.1 N/A 33
3D-h-BN, graphene/PLA FFF Direction-dependent 3.82 N/A 37
Graphene (30 wt%)-TPU FFF Direction-dependent 4.54 -10-500 39
20 vol% S-AgNW/PDMS DIwW Direction-dependent ~ 7.63 20-1007] 35
Vertical-rGO/CNT/PDMS DIW Direction-dependent 6.04 Room temperature 40
h-BN/POE/Polypropylene FA-FDM Direction-dependent 1.43 N/A 34
Thermal insulation
Silanized CNF aerogels DIW Porous aerogel 0.034 N/A 44
PLA VIP FFF 8-interlayer panel 0.0155 15-35[] 47
Silica aerogel particles/polyimide aerogel DIW Porous aerogel 0.076 N/A 46
PLA structures FFF Lamellar, 0.099, Room temperature 42
cylindrical, 0.094,
gyroid 0.072

Abbreviations: AEO: Alkyl ether of ethylene oxide; AM: Additive manufacturing; BN: Boron nitride; BNNS: Boron nitride nanosheet; CNF: Cellulose
nanofiber; CNT: Carbon nanotube; GNP: Graphene nanoplatelet; h-BN: Hexagonal boron nitride; MWCNT: Multi-walled carbon nanotube;

LLDPE: Linear low-density polyethylene; L-PBF: Laser powder bed fusion; PDMS: Polydimethylsiloxane; PLA: Polylactic acid; POE: Polyolefin
elastomer; rGO: Reduced graphene oxide; S-AgNW: Silver nanowire in spring-like structure; TPU: Thermoplastic polyurethane; VIP: Vacuum
insulation panel; FFF: Fused filament fabrication; FDM: Fused deposition modeling.

conductivity by introducing fillers with high intrinsic
thermal conductivity, such as nanomaterials (e.g., CNT,
ceramics, and metal nanowires) and plate-like materials
(e.g., graphene and BN), to establish effective pathways for
rapid thermal energy transfer within the polymer matrix.
Moreover, AM technologies have been actively explored
to fabricate polymer composite parts or structures with
significantly improved thermal performance.

A representative example of using fillers to enhance
thermal conductivity involves incorporating hexagonal
BN nanosheets (BNNS) into thermoplastic polyurethane
(TPU) via FFF printing. Melt extrusion aligns BNNS within
the TPU, achieving an in-plane thermal conductivity of
1.80 W/m-K (at room temperature) at 30 wt% BNNS, 650%
higher than pure TPU*! Another study used multi-walled
CNTs (MWCNTs) in polylactic acid (PLA) filaments,
obtaining a thermal conductivity of ~0.575 W/m-K

(at 35-108°C)at 20 wt% MWCNT, approximately 5.87 times
higher than pure PLA due to alignment from shear forces™
(Figure 2B). Continuous carbon fibers coated with PLA
were printed using FFE, achieving a thermal conductivity
of 37.1 W/m-K at 9.5 vol%, emphasizing fiber continuity’s
role.”” In addition, anisotropic thermal conductivity was
introduced by co-injecting thermally conductive BN fluids
with polymer filaments, resulting in a composite with a
conductivity of 1.43 W/m-K at 60 wt% BN.** This technology
enables the precise design of thermally conductive
pathways in heat-dissipating materials by adjusting the 3D
printing model and parameters, and it has potential for use
in thermal management and heat dissipation systems for
electronic devices.

In MEX-based AM, not only FFF but also DIW
techniques can be employed to fabricate various structures
utilizing polymer composites with enhanced thermal
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conductivity. For example, silver nanowire (AgNW) with
high thermal conductivity filler, and polydimethylsiloxane
(PDMS) composites achieved a conductivity of
7.63 W/m-K (at 20-100°C) at 20 vol% AgNW, maintaining
stability under deformation® (Figure 2C). As described in
Figure 2C, AgNWs with an average length and diameter
of 10.7 um and 115 nm, respectively, are first incorporated
into PDMS (DMS-H21 + DMS-V22) and then 3D-printed
into a spring-like (S-AgNW) structure. Afterwards,
these S-AgNWs—with outer and inner diameters of
approximately 1.8 mm and 1.0 mm, respectively—are
again aligned and embedded within PDMS matrices. This
3D printing process enables the AgNWs to be arranged in
a highly aligned, unidirectional structure, resulting in a
remarkable enhancement of thermal conductivity along the
printing direction due to the formation of an anisotropic
network of conductive fillers. Another DIW composite
(hexadecane/polyolefin elastomer [POE]/poly[alkyl ether
of ethylene oxide] [AEO]/GNPs composites), combining
hexadecane, POE, AEO, and graphene nanoplatelets
(GNPs), exhibited 1.24 W/m-K (at 40°C) vertical
conductivity and significantly reduced temperature
differences on semiconductor surfaces compared to
commercial products.®* Although DIW differs from fused
deposition modeling (FDM) in that it uses ink cured after
deposition, it shares the common feature of combining
polymers and fillers to boost thermal conductivity.

Animportant point is that research on polymer and filler
composites can also be applied to develop multifunctional
metamaterials and hybrid materials, such as a PLA
skeleton filled with BN or graphene. These composites
showed up to 3.82 W/m-K thermal conductivity with
BN and enhanced mechanical strengths (20.3 MPa) and
electrical insulation.”” However, when graphene was used,
the composite exhibited excellent thermal and electrical
conductivity as well as a tensile strength (40.6 MPa).
Compared to composites with only filler, these materials
showed a 2.81-fold increase in thermal conductivity
and 1.83-fold (BN filler) and 3.98-fold (graphene filler)
increases in mechanical strength, respectively. Similarly,
adding GNPs and BN to linear low-density polyethylene
(LLDPE) created composites with thermal conductivity
reaching 3.11 W/m-K (at room temperature), over 8 times
higher than pure LLDPE.*

Research in polymer-filler composites also extends to
energy applications. A bilayer structure using graphene-
TPU films maximized anisotropic thermal conductivity,
suitable for solar panels, with a sixfold through-plane
conductivity difference.” Another example is a vertically
printed reduced graphene oxide (rGO)/CNT-PDMS
thermal interface material (TIM) device achieving
6.04 W/m-K (at room temperature) thermal conductivity,

beneficial for thermal anomaly detection.* In this device,
rGO/CNT was printed vertically by DIW, and the gaps
were filled with PDMS to form the TIM. In addition, a
topology-optimized aluminum structure infiltrated with
PCM via SLM showed significant improvements in heat
distribution and temperature uniformity.*

3.2.Thermal insulation using AM

In addition to heat dissipation, thermal insulation plays a
crucial rolein thermal management. Materials with superior
insulation performance significantly reduce the energy
consumption required to maintain optimal temperatures
in buildings or refrigeration systems, thereby lowering
greenhouse gas emissions and overall resource usage.
Furthermore, enhancing insulation by achieving lower
thermal conductivity allows comparable performance with
reduced material thickness. This reduction substantially
improves space efficiency in mobility applications and
refrigeration equipment, facilitating more compact,
lightweight, and energy-efficient designs.

To enhance thermal insulation performance, it is crucial
to block or complicate the heat transfer pathways. Complex
3D structures based on unit cells are well-suited for this
purpose, as they effectively disrupt heat flow and thereby
improve insulation. In a study utilizing the FFF method,
three structures—lamellar, gyroid, and cylindrical—
were fabricated with the same volume fraction.*” Among
them, the lamellar structure exhibited the lowest thermal
conductivity, demonstrating its superior insulating
capability. However, despite their structural complexity,
these architectures still exhibit higher thermal conductivity
compared to conventional insulation materials. This
limitation arises primarily because traditional insulators
consist predominantly of air, known for its extremely
low thermal conductivity. Consequently, there has been
growing interest in methods capable of further reducing
thermal conductivity by significantly increasing porosity.
Recent studies have addressed this by combining DIW with
freeze-drying to create aerogel structures characterized by
ultra-low thermal conductivity, such as silica aerogels*
(Figure 2D). For example, one study successfully
fabricated an interpenetrating network structure of
polymethylsilsesquioxane and cellulose nanofibers
(CNFs) through DIW printing followed by freeze-drying,
achieving an impressively low thermal conductivity of
0.034 W/m-K.** Similarly, another research group utilized
lignocellulose nanofibrils to produce thermally insulating
aerogels, highlighting the great potential of biopolymer-
based aerogel structures fabricated by 3D printing
techniques for advanced insulation applications.** In
addition, a recent approach has explored the incorporation
of silica aerogel particles into 3D-printed composite
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aerogel structures to further enhance thermal insulation
performance.*®

Beyond aerogel-based methods, entirely different
approaches combining 3D printing with thermal insulation
technology have also emerged. One innovative example
involves the use of FFF to fabricate polymer-based vacuum
insulation panels (VIPs).”” In this research, a 3D-printed
VIP with eight solid interlayers was constructed under
a vacuum pressure of approximately 10 Pa, achieving an
exceptionally low thermal conductivity of 0.0155 W/m-K
(at 15-35°C)—about 60% of the thermal conductivity of
air (0.025 W/m-K). Likewise, thermal insulation aimed
at preserving thermal energy is also an essential factor in
thermal management, and many AM-based techniques
have been utilized to address this aspect. For instance,
methods such as lattice structure design, incorporation of
low thermal conductivity aerogel particles, and fabrication
of VIP panels with superior insulating performance
have been employed to significantly enhance insulation
performance.

3.3.Thermal metamaterial and PCM using AM

Advances in AM technologies have enabled the
development of diverse thermal metamaterials that
go beyond simply enhancing thermal conductivity or
insulation performance. These advancements allow for
precise control of heat flux and effective thermal energy
storage across specific temperature ranges. Thermal
metamaterials are materials engineered to exhibit unique
thermal properties rarely found in nature and are used to
manipulate or control heat transfer. 3D printing enables
the free design and production of complex internal
structures and diverse material combinations, greatly
expanding the scope of research and applications for
thermal metamaterials.

Active research is underway on thermal metamaterials
thatalter heat transfer pathways. For example, by integrating
the theory of anisotropic thermal conductivity with
custom MEX 3D printing technology, thermal cloaking
functionality can be realized by embedding 0.3 mm copper
wires into a PLA matrix."” This metal-polymer integration
enhances the design freedom of thermal metamaterials and
enables the fabrication of heat exchangers or temperature
control devices with complex internal channels and
structures. Furthermore, the required thermal conductivity
distribution for desired thermal functions—such as heat
concentration, rotation, and cloaking—can be calculated,
divided into small grid units, and converted into a single
STL file for 3D printing*® (Figure 3A). For instance, after
3D-printing die steel (H13) and fixing it with PDMS,
various thermal manipulation functions such as heat

concentration (isotherms converging at the center), heat
rotation (isotherms rotated by 45°C),and thermal cloaking
(temperature distribution in the cloaked region matching
the outside) can be experimentally confirmed. Through 3D
printing, thermal metamaterials with complex shapes and
functions can now be practically fabricated.

Meanwhile, research is also progressing to improve
the mechanical properties and durability of thermal
metamaterials. One example involves various additively
manufactured lattice shapes, such as triangles, cubes,
petals, and waves, using SLA, followed by chemical vapor
infiltration to inject silicon carbide (SiC) whiskers inside
the structures.* This process densely coats the lattice
surfaces with SiC, effectively suppressing deformation and
thermal expansion caused by temperature changes.

Efforts to maximize the performance of thermal
metamaterials by combining various materials and
structures continue, with recent attention on infiltrating
liquid metals and PCMs into polymers to alter thermal
conductivity, physical properties, specific heat, and
electrical conductivity” (Figure 3B). For example,
acrylonitrile butadiene styrene polymers fabricated by 3D
printing can be placed in a vacuum chamber and infused
with a Bi/In/Sn alloy liquid metal to create composites
with high tensile strength (up to 35.41 MPa), thermal
conductivity (up to 2529 W/[m-K]), and electrical
conductivity (up to 106 S/m)** (Figure 3C). These
composites utilize solid-liquid phase change properties for
high-power LED heat dissipation and temperature control,
and also exhibit excellent electromagnetic shielding.
This approach is also actively applied in energy storage
research, combining PCMs. Over the past 5 years, various
strategies have been developed to complement the intrinsic
properties of PCMs.>>** A representative example is the
DIW of inks mixing lignocellulose nanofibers, graphene
oxide, and Pickering emulsion paraffin gel, followed by
freeze-drying to create a structure with entangled paraffin
microspheres.” This structure is used for solar-thermal-
electric conversion and heat storage, with a 3D-printed
concave solar collector heating up to 83.2°C,generating
higher voltage and longer energy storage time than 2D
planar collectors.

Research on PCM-based thermal energy storage via
AM is progressing in various ways. For instance, lauric
acid mixed with photocurable resin and printed by
SLA effectively addresses PCM leakage issues, showing
optimal thermal performance at 50% loading.” It exhibits
83.7 J/g latent heat enthalpy, 14.02 MPa tensile strength,
and only about 1.31% loss after leakage testing (50°C,
60 min). Another study incorporated microencapsulated
PCM (MEPCM), consisting of a paraffin mix as the core
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Figure 3. Thermal metamaterials using additive manufacturing. Thermal conduction path design: (A) Topological functional cells.** (B) Various approaches
for incorporating phase change materials into material matrices: (i) fused filament fabrication or fused deposition modeling; (ii) stereolithography;
(iii) direct ink writing; (iv) selective laser sintering or selective laser melting.”® Metamaterials using phase change mechanism: (C) volume-metallization
3D-printed polymer composite.”* Copyright © 2024 Wiley. Reproduced with permission of Wiley.

and melamine-formaldehyde as the shell in 15-30 wm properties. In this way, the combination of AM and
spheres, into SLA resin, producing composites that absorb PCM enables the realization of complex energy storage
and release heat with temperature changes, significantly structures without PCM leakage issues. Meanwhile, when
improving thermal stability and energy storage efficiency combining lattice structures with PCMs, it is important to
while maintaining mechanical performance.***” The final consider not only conductive heat transfer but also natural
samples with 40% MEPCM in resin exceeded 87 J/g of convection during PCM melting. Research has shown that
latent heat storage energy. among various unit cell structures, the f2ccz structure

demonstrates the best thermal performance per unit mass,
attributed to its superior heat transfer characteristics in both
conduction and natural convection during PCM melting.*'
The study emphasizes that the convective movement of
PCM, considering gravity, is a crucial factor that cannot be
ignored in the mechanism of thermal energy storage and
heat transfer in PCM-3D structure composites.

Furthermore, simply infusing PCM into 3D-printed
lattice structures can significantly enhance energy storage
efficiency. A representative example is a study in which
50 g of paraffin wax was injected into AlSil0Mg-0403
aluminum lattice structures (thermal conductivity:
96 W/[m-K]) of various sizes, confirming that the 10
mm-spaced structure exhibited the most uniform

temperature distribution (below 8 K) and the fastest In summary, AM technology has brought about
charging time (17% reduction).”® Other studies have transformative changes in the design and fabrication of
experimentally demonstrated that in aluminum body- thermal metamaterials. Although challenges remain—such
centered cubic (BCC) lattice structures, the use of parafiin as minimizing interfacial thermal resistance, optimizing the
leads to shorter complete melting times of the PCM as balance between natural convection and conduction, and
the surface area of the structure increases.” In addition, developing application-specific materials—the integration
research has reported the fabrication of structures using of AM with thermal metamaterials is expected to provide
photosensitive resin and polyethylene glycol (PEG) mixed innovative solutions in various fields, including thermal
in various ratios and printed with a DLP 3D printer.® pathway design, thermal management for electronic
According to this study, higher PEG content (over 50%) devices, improved building energy efficiency, and renewable
results in more pronounced phase change characteristics. energy storage. This will make a significant contribution to
The composites exhibit excellent thermal energy storage the advancement of sustainable energy technologies.
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4. Convective heat transfer for thermal
management using AM

4.1.Various designs of passive and active cooling
heat sinks

Since conductive heat transfer alone is often insufficient
for effective thermal energy transport, most thermal
management systems rely on convection heat transfer,
which transfers heat via fluid motion. Two representative
cooling devices that utilize convection are heat sinks and
heat exchangers. A heat sink typically employs a pin-fin
structure to maximize the contact area with the cooling
fluid, thereby enhancing convective heat dissipation
to working fluids such as air or coolant. Heat sinks are
classified into natural convection (or passive thermal
management) and forced convection (active thermal
management) depending on whether external energy
is used to circulate the fluid. Among them, natural
convection is a cooling method where fluid motion is
driven by the density variations within the fluid itself, made
by temperature gradients. Passive thermal management is
considered a free-source cooling mechanism as it operates
naturally without requiring external power. Moreover,
it offers the advantage of being silent due to the absence
of externally powered systems. However, the convection
heat transfer coefficient in passive systems is relatively
low, which limits their broad usability.®* For the extended
applications, forced convection cooling (or active cooling)
methods are often employed for applications requiring high
cooling performance. It is driven by the external pressure
or velocity sources, such as fans, pumps, or suction, which
include air-cooling techniques as well as methods using
liquid coolant.

Recently, AM has emerged as a promising approach for
fabricating diverse heat sink structures. AM technologies
provide unprecedented design freedom, enabling the
diverse control of parameters such as truss shape, sizes,
and lengths. It also allows the minimization of the material
used, significantly reducing material waste. Thus, extensive
structural and performance enhancements are being
actively explored to improve convective heat transfer in
AM-produced devices. To enhance cooling efficiency,
recent research has focused on: (i) optimizing structural
geometries such as cubic, truss, or BCC cells; (ii) refining
pin-fin arrays; and (iii) exploring alternative heat sink
materials.

In the early stages of heat sink research utilizing AM,
most studies focused on structural modification using
the L-PBF technique. In particular, many studies aimed
to enhance cooling performance by increasing surface
area through the manipulation of complex shapes and
structures that were previously unmanufacturable before

the advent of 3D printing, by adjusting cell structure, size,
and geometry (Figure 4). Shamvedi et al% fabricated a
compact, lightweight, and efficient heat sink by increasing
the surface area of lattice structures within a constant heat
sink volume, simultaneously optimizing the lengths of
the fins. Lorenzon et al.** developed BCC truss structures
with various truss cross-sectional shapes, including
circular, elliptical, droplet, and cam shapes, systematically
controlling their sizes to achieve enhanced thermal
performance (Figure 4A). Tseng et al.> created five distinct
BCC porous truss configurations and experimentally
validated their thermal performance under liquid flow
cooling conditions.

In addition, significant research has been dedicated
to optimizing pin-fin array configurations to enhance
heat dissipation performance under natural convection
conditions. Lazarov et al.% utilized L-PBF with aluminum
to precisely control the size and arrangement of pin
fins, achieving superior passive cooling performance
in LED applications. Their optimized pin-fin designs
outperformed traditional lattice structures by more than
21%, effectively doubling the life expectancy of the LED
devices and reducing operational costs by approximately
50%. In addition to L-PBE alternative AM techniques
have also been explored for fabricating heat sinks. Notably,
AM has been actively applied to ceramic-based heat sink
designs. Ho et al% employed a photopolymerization-
based AM method to fabricate complex structures such
as honeycomb, Kelvin cells, octet-truss lattices, and mini-
gear configurations using ceramic fillers. Similarly, Sheng
et al.®® developed a heat sink composed of aluminum
nitride powder, achieving structures characterized by
robust mechanical properties, high thermal conductivity,
and uniform microstructures.

Meanwhile, research has explored modifying the material
composition of heat sinks. Traditionally, heat sinks rely on
metals due to their inherently high thermal conductivity,
which is essential for efficient heat conduction. However,
metals typically introduce substantial weight, prompting
increased demand for lighter or composite materials.”
Consequently, polymer composites infused with thermally
conductive fillers have garnered attention. Huttunen
et al” developed heat sinks using thermally conductive
plastic filaments, achieving high thermal conductivity
coupled with low electrical conductivity, which reduced
thermal resistance by approximately 10-20% compared
to conventional resin-based heat sinks (Figure 4B). Timbs
et al” produced heat sinks utilizing polymer filaments
loaded with diverse fillers, such as carbon, copper, and
bronze. Their study investigated heat sinks designed with
straight and oblique fin geometries, comparing their
thermal resistance, pressure drop, and heat dissipation
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Figure 4. Additively, manufactured heat sinks improve convective heat transfer. (A) Four different cross-sectional fin shapes—circular, elliptical, drop-
shape, and cam—were fabricated into real-scale heat sinks with various fin diameters.®* Copyright © 2024 Luca Casarsa et al. Reproduced with permission
from author(s). (B) Images of aluminum-based (upper left) and Ice9 Rigid Nylon-based (upper right) heat sinks fabricated via additive manufacturing, and
SEM image of the internal layer structure of the Ice9 Rigid Nylon material (lower right).”®

performance. Collectively, these studies highlight the
promising potential of polymer-based heat sinks.

4.2. Micro/mini channel heat sink (MCHS) and TPMS
heat sink

In addition to macro-scale thermal management, numerous
studies have focused on micro-scale heat dissipation
utilizing fluid channels. Particularly in microelectronics,
there is significant interest in efficiently removing heat
generated within confined spaces. Coolant-based liquid
cooling methods are increasingly preferred over traditional
air cooling due to their superior heat removal capabilities
from the heat source to the surrounding environment.
Consequently, extensive research has been conducted on
increasing the surface area through micro- and mini-sized
channels to enhance liquid cooling efficiency. In addition,
the precision capabilities of AM have facilitated the
fabrication of intricate micro-scale structures, previously
unattainable  through conventional manufacturing
methods. Thus, current AM-based studies in this area
primarily focus on two aspects: (i) the creation of microscale
porous structures or channels to enhance convective heat
transfer, and (ii) the development of TPMS structures that
enable precise control over fluid flow paths, allowing fluids
at different temperatures to flow simultaneously without
mixing. This part will examine these studies in greater
detail, highlighting their contributions and potential
applications.

MCHS typically refer to channel structures with
hydraulic diameters < 1 mm, enabling significantly higher
heat transfer coefficients by minimizing boundary layers
compared to larger, conventional heat sink channels.
Due to their large surface area-to-volume ratios, these
microchannels are extensively employed in compact micro
devices, characterized by reduced heat exchanger sizes,
minimized material usage during manufacturing, and
decreased refrigerant requirements.

Ventola et al’® were among the first to introduce
artificial surface roughness at the microscale, finding
that rough-finned surfaces exhibited superior thermal
performance (Figure 5A). Subsequently, Kirsch et al.”
investigated microchannel pin-fin arrays with four
distinct configurations, concluding that increased surface
roughness notably amplified friction factors more than
improved heat transfer when compared to smooth pin-fin
arrays. Collins et al.”* developed microchannel heat sinks
with porous surfaces containing thermally conductive
internal fins, which were benchmarked against manifold
microchannel designs, achieving a thermal resistance
reduction of approximately 17% and a pressure drop
reduction of 28%.

Research has also expanded beyond basic pin-fin
microchannels by integrating microjets to further enhance
convection performance. Kempers et al” fabricated
hybrid microchannel-microjet heat sinks using a layer-by-
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Figure 5. Micro-nanostructures and periodic cell design for enhancing convective heat transfer using additive manufacturing. (A) AlSiMg alloy heat sink
manufactured by laser powder bed fusion (L-PBF) method with an artificial surface roughness.” (B) Microchannel pin-fin structure incorporating with
microjet heat sink.”> Copyright © 2020 Kempers et al. Reproduced with permission from authors(s). (C) Six different triply periodic minimal surface

structures by controlling the volume fraction.”

layer electrodeposition approach, subsequently comparing
performance with previous studies (Figure 5B). In addition,
Xu et al.”® explored pulsating flow conditions to enhance
secondary flows and vortex formation within a three-
layered microchannel heat sink, systematically analyzing
the resulting flow characteristics and their impact on
thermal performance.

Previous studies primarily focused on single-phase
fluid flow within a single-channel configuration for heat
transfer. In contrast, TPMS structures enable simultaneous,
separate fluid flows at different temperatures within a
single integrated design. TPMS structures comprise
mathematically ~ defined surfaces characterized by
complex topologies, dividing a 3D space into two or
more interconnected yet non-intersecting continuous
domains. Such configurations have demonstrated
substantial improvements in single-phase heat transfer
efficiency. Moreover, due to their high surface density, high
permeability, and optimal thermal conductivity, TPMS
structures are not limited to heat sink applications but
extend to fluid mixers, mold cooling modules, and other
thermal management applications. Santos et al.”” presented
six different geometries and volume fractions of TPMS
structures fabricated using aluminum-alumina composites,
which show high compressive strengths with an energy

absorption behavior (Figure 5C). Yan et al.”® investigated
gyroid TPMS structures, showing a significant reduction
in pressure drop—up to 40%—through surface polishing.
Similarly, Raafat et al.” developed a TPMS-based porous
pin-fin heat sink structure, which exhibited enhanced
Nusselt numbers with reduced channel blockage facilitated
by the porous configuration. They verified that secondary
cooling flows induced within the porous region effectively
prevented disruption of the thermal boundary layer.
Although TPMS structures are typically fabricated using
metallic materials, such as AlSi10Mg alloys, recent studies
have demonstrated their potential when produced using
polymeric materials. For instance, Oh et al."® successfully
fabricated polymer-based TPMS structures using the DLP
printing method, conducting pressure-drop evaluations and
detailed flow visualization studies to analyze their fluid flow
characteristics. Especially, the transparent characteristic
of polymer heat exchangers allows for easy visualization
of temperature distribution at the inlet and outlet, either
by direct observation or through IR imaging. This feature
also offers the advantage of addressing the high-cost issues
associated with conventional metal-based AM.

4.3, Structural optimization in AM

There is a growing demand for structures to be lightweight
and material-efficient, minimizing material usage while
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maintaining performance. However, optimizing the geometry
of heat sinks to achieve the best thermal performance remains
a critical challenge. Previous studies have predominantly
relied on experimental approaches to fabricate and
evaluate heat sinks and heat exchangers, systematically
comparing performance to identify optimal structural
configurations. Parameters such as cell type, porosity, and
functional gradients are highly tunable through implicitly
defined surfaces, including TPMS and MCHS geometries.
Accordingly, numerical approaches and machine learning
techniques are increasingly being used to optimize heat sink
designs. Employing numerical simulations before actual
manufacturing presents significant advantages, as it allows
for parameter optimization of processing methods, printing
techniques, and structural characteristics—such as thickness,
size, and material selection—thus significantly reducing costs
and minimizing material waste. Therefore, this part aims
to comprehensively explore three prominent optimization
methodologies used in AM-based heat sink and exchanger
design: (i) geometry-based optimization, (i) topology
optimization, and (iii) machine learning-based optimization
(Table 2).

Geometry-based optimization actively involves
adjusting parameters such as pin-fin size, shape, and
spacing to achieve optimal thermal performance and
pressure drop characteristics. Ning et al.® numerically
investigated fin structures, specifically twisted and
rectangular fins, to evaluate their thermal performance
and associated pressure drop, highlighting the potential of
structural optimization through simulations by predicting
inlet and outlet fluid-flow temperatures. Similarly, Ozguc
et al® employed computational fluid dynamics (CFD)
simulations for optimizing pin-fin geometries, including
size and shape, within water and ethylene glycol coolant
mixtures, applying a gradient-based multi-objective
optimization method. Kong et al.®* conducted CFD-based
thermal-fluid simulations on heat sinks combining pin
fins and plate structures to determine configurations with
optimal thermal resistance, pressure drop, and coefficient
of performance, and successfully predicted overall thermal
resistance and pressure drop. Bacellar et al.®* proposed an
optimum design by varying the channel and fin geometries
of the microchannel heat exchangers into four types—
round, elliptical, eye-shaped, and airfoil (leading and
trailing shape). This approach resulted in more than a 50%
reduction in size, material usage, and pressure drop.

Likewise, geometry-based optimization has also
been extensively applied to TPMS structures using CFD
methodologies. Raafat et al.”’ incorporated pin-fin arrays
into TPMS-based structures, developing configurations
capableofreducing pressure drop compared to conventional

designs. Their optimized structures demonstrated high
surface-to-area ratios, targeted enhanced Nusselt numbers,
and maintained balanced hydrothermal performance
through porous-like topologies that minimized channel
blockage. Tang et al.'' introduced a novel lattice-control
method explicitly tailored for optimizing gyroid-
type TPMS, accompanied by corresponding mathematical
equations, and systematically compared simulated and
experimental results to evaluate convective heat transfer
performance and flow resistance. Further research
efforts have focused on systematically analyzing the heat
dissipation performance of various TPMS geometries to
identify optimal configurations. Liu et al.** compared heat
transfer and flow characteristics of four distinct TPMS
structures (i.e., gyroid, primitive, diamond, and I-graph-
wrapped package) through numerical simulations. Based
on comparative performance results, the most effective
TPMS structure was selected and validated experimentally
under natural and forced-air convection conditions.

Meanwhile, topology optimization is a numerical
approach employed to systematically optimize material
distribution and structural configuration within a defined
design domain. It aims to minimize material usage and
strain energy while preserving mechanical integrity and
enhancing overall performance. This method involves
defining specific design variables, an objective or cost
function, and appropriate constraints to achieve targeted
design outcomes effectively. Tan et al.** applied topology
optimization to compare four distinct microchannel heat
sink designs—veiny, lateral veiny, snowflake-shaped, and
spider-netted structures—numerically determining the
optimal geometric parameters. Ozguc et al.* conducted
topology optimization of microchannel heat sinks using a
homogenization approach, specifically employing Pareto
optimization to identify optimal configurations, including
grid cell sizes, fin thickness, and pin-fin array layouts.
Orakwe et al.¥” evaluated four different cold-plate designs:
A conventional serpentine configuration, a geometrically
similar replica of a reference design, and two hybrids,
topologically optimized (TopOpt) lattice-based heat
sinks. Their research utilized functionality-driven designs
with AM frameworks, incorporating numerical methods
based on field-driven implicit equations to optimize side-
wall geometries within computer-aided design models.
In addition, recent topology optimization approaches
incorporate bio-inspired structures. For instance, Han
et al.® developed a heat sink inspired by spider-web
topology, targeting reduced temperature differences and
pressure drops. To enhance heat-transfer performance
and mitigate hot-spot temperatures, this study utilized
staggered inlet and outlet configurations, ultimately
selecting a three-inlet and three-outlet arrangement for
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Table 2. Summary of AM-based structural optimization

Optimization Printing Material Shape Method Working Performance  Optimization References
methodology method environment evaluation target
Geometry L-PBF  Stainless Twisted fin, rectangular ~ Numerical CFD, DI water, oil, Thermal, Optimal 80
optimization steel fin MOGA air pressure drop,  performance
Ccop with fabrication
capability
L-PBF  AISilOMg  Rectangular pin fin Numerical CFD  Water/ Thermal, Minimizing 81
ethylene pressure drop  thermal
glycol mixture resistance with
optimized
pressure drop
L-PBF  AISilOMg  Pin fin, plate Numerical CFD DI water Thermal, Optimal cooling 82
pressure drop,  performance in a
Ccop high-temperature
fluid
environment
L-PBF  AlSilOMg  Gyroid TPMS Numerical Air Thermal, flow  Optimal thermal 11
resistance performance and
pressure drop
through lattice
deformation
L-PBF AlSi7Mg Gyroid, primitive, Numerical CFD Air static, Thermal Optimal thermal 83
diamond, flow performance
I-graph-wrapped package in various
TPMS conditions
Topology - 6063 Ternate veiny, lateral Numerical Water Thermal Optimal cooling 84
optimization aluminum  veiny, snowflake performance in a
base shape, spider netted high-temperature
microchannel fluid
environment
L-PBF  AISilOMg  Square pin fin Numerical CFD  Water Thermal, Thermal 85
pressure drop  performance
compared with  enhancement and
the simulation  pressure drop
result optimization
L-PBF  Copper TPMS Numerical CFD  Water Thermal, Optimal thermal 86
pressure drop  performance
with fabrication
capability
Al-driven L-PBF  AISilOMg  Straight, wavy fin Deep Air Thermal, flow  Optimal 87
optimization reinforcement resistance, performance
learning, process with fabrication
MOGA, CFD availability capability
L-PBF  AISilOMg  Rectangular, straight mini Neural network, Water Pressure drop ~ Optimal thermal 88
channel genetic performance in
algorithm various conditions
L-PBF  AISilOMg  Mini channel Neural network, Water Pressure drop ~ Optimal thermal 89
CFD performance
in various
conditions
L-PBF  AISilOMg  Grid, rhombic ANN, k-NN, Air Thermal Optimal thermal 90
SVR, ensemble performance performance
ANN, ensemble prediction prediction of a

k-NN, ensemble
SVR

complex structure

Abbreviations: Al: Artificial intelligence; AM: Additive manufacturing; ANN: Artificial neural network; CFD: Computational fluid dynamics;
COP: Coefficient of performance; DI: Deionized; k-NN: k-nearest neighbors; L-PBF: Laser powder bed fusion; MOGA: Multi-objective genetic
algorithm; SVR: Support vector regression; TPMS: Triply periodic minimal surface.
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optimal performance. Helmholtz filtering combined with
hyperbolic sine projection methods was integrated into
the topology optimization process to further refine and
achieve the desired outcomes.

However, predicting performance through numerical
approaches to find an optimal point often does not
precisely match real-world results. For instance, simulation
environments typically apply highly constrained boundary
conditions, which rarely occur in practical scenarios.
Furthermore, purely simulation-based methods are limited
in their capacity to generate novel, data-driven structures.
To overcome these limitations, machine learning methods
have been increasingly adopted. Artificial intelligence (AI)-
driven optimization methods significantly enhance the
efficiency and reliability of heat sinks, providing scalable
solutions particularly suitable for high-power electronics.
Specifically, the adoption of Al in AM supports various
aspects, including design optimization, quality assurance,
process optimization, and material development.
Robertson et al.** employed an Al-driven optimization
framework, combining deep reinforcement learning
with a multi-objective genetic algorithm (MOGA), to
determine optimal geometric parameters of heat sink fins,
such as fin spacing, height, thickness, and base thickness,
thus supporting both design and quality assurance goals.
Wang et al.*® utilized machine learning to facilitate design
optimization, leveraging genetic algorithms to accumulate
structural optimization data. They subsequently predicted
performance evaluation criteria and heat-transfer
efficiency using neural network-based predictions. In
addition, Wang et al.** applied machine learning methods
to estimate pressure-drop performance of heat sinks,
validating their predictions against numerical simulations
and experimental results for optimized performance.
Commonly employed machine learning approaches
involve neural networks and regression-based models,
though various other predictive models have also been
explored. Aksoy et al®? comparatively evaluated six
different machine learning algorithms: Artificial neural
network (ANN), k-nearest neighbors (k-NN), support
vector regression (SVR), ensemble ANN, ensemble k-NN,
and ensemble SVR. These methods utilized inputs such as
time, current, gate voltage, and temperature to estimate
heat sink temperatures, comparing predicted results with
experimental data.

Moreover, machine learning methods have been
extensively utilized in process optimization. Thakur
et al.” studied optimal laser power, scanning speed, and
hatching spacing parameters for 3D printing of heat sinks,
subsequently validating residual stress and distortion
predictions through simulations and real tests. They
further developed data-driven mathematical relationships

between residual stress and porosity using machine
learning techniques, particularly multiple regression
analysis and gray relational analysis. Through this
model, the relationship between printing parameters and
residual stress was systematically identified, facilitating
comprehensive structural and manufacturing process
optimization for heat sinks.

AM has enabled significant enhancement in the thermal
performance of convection-based cooling systems. In
particular, the fabrication of complex structures such as
pin-fin arrays, MCHS, and TPMS geometries has become
readily achievable. We summarize recent studies on active
and passive cooling strategies employing AM heat sinks and
heat exchangers. Furthermore, detailed attention is given
to MCHS and TPMS structures that enhance convection
performance through increased surface area. Moreover,
the design and performance of these cooling systems can
be further optimized using numerical simulations and
machine learning techniques, which help to minimize
time-consuming trial-and-error processes and material
waste.

4.4. Boiling heat transfer for thermal management
using AM

In previous examples involving MCHS and TPMS
structures, cooling was achieved using oil, gas, or water,
using only single-phase flow within the system. Such
systems rely on natural or forced convection mechanisms,
which exhibit heat transfer coefficients in the range of
approximately 0.001-10 W/(cm>K).** However, high-
performance systems such as radar modules, turbine blades,
advanced electronics, and aerospace applications demand
the removal of heat fluxes in the range of 25-1000 W/cm?
or even higher, while maintaining material temperatures
within prescribed safety limits. Under these extreme
conditions, single-phase convection becomes insufficient
for effective thermal management. As a result, two-phase
boiling heat transfer has gained significant attention in
recent research as a promising approach for dissipating
high heat fluxes more efficiently. This method leverages
the latent heat of vaporization and the dynamic interaction
between liquid and vapor phases to achieve enhanced heat
transfer performance. In phenomena such as pool boiling,
staged mechanisms such as nucleation, bubble detachment,
and rewetting further enhance heat transfer.

Single-phase and two-phase (liquid-vapor) heat transfer
exhibit fundamental differences in their underlying
mechanisms, and these differences are particularly
apparent during boiling. In systems where the fluid exists
in only one phase, either liquid or gas, heat is transferred
primarily by conduction and convection. Heat is first
conducted from the wall surface to the fluid, and it is then
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transported within the fluid by natural or forced convection
driven by temperature gradients. Energy transfer in this
case relies mainly on sensible heat, the energy associated
with a change in fluid temperature. By contrast, two-
phase boiling heat transfer occurs when liquid and vapor
coexist, and heat transfer is dominated by the formation
and motion of bubbles generated as liquid evaporates
from an overheated surface. This process involves latent
heat associated with the phase change, making it far more
efficient at transferring heat. In phenomena such as pool
boiling, staged mechanisms such as nucleation, bubble
detachment, and rewetting further enhance heat transfer.

4.5. Pool boiling

Pool boiling is a boiling phenomenon that occurs when
a stationary liquid is heated and begins to evaporate. It is
widely used in various thermal management systems that
require high heat flow rates because it enables high heat
transfer performance and stable operating temperature
maintenance. Depending on the temperature of the wall,
the process of pool boiling is categorized into four regimes:
free convection, nucleate boiling, transition boiling, and
film boiling (Figure 1A). In the free-convection stage,
the surface temperature is only slightly above the liquid’s
saturation temperature, so the liquid is warming, but no
bubbles have formed. In the process of nucleate boiling,
the surface temperature increases to a sufficient degree
to cause the formation of bubbles on the surface. This
results in the occurrence of latent heat transfer, which is
characterized by its high efficiency. Consequently, the
maximum HTC is attained. Subsequently, transition
boiling occurs when bubble coalescence and a vapor film
form due to excessive bubble generation. In this phase, heat
transfer is unstable and can decrease rapidly. Eventually,
when the surface is covered with a continuous vapor film,
known as film boiling, heat transfer efficiency is greatly
reduced. This boiling process is divided into three points.
The first point is known as the onset of nucleate boiling
(ONB), which denotes the first point of bubble formation.
The second is the point at which the maximum heat flux
is reached in the nucleate boiling region. After this point,
heat transfer decreases sharply due to coalescence and the
vapor film. The third is the Leidenfrost point. Vapor film
completely covers the wall surface, preventing contact
with liquids and necessitating heat to transfer by means
of radiation and vapor conduction. To improve pool
boiling performance, it is important to precisely control
bubble dynamics. By controlling bubble nucleation sites,
detachment, and coalescence, both HTC and CHF can be
improved simultaneously. Surface microstructure design
can increase nucleation site density and wettability, thereby
delaying CHE.

4.5.1. Bubble guide using AM

By enabling free design and single-process fabrication
of micro-millimeter-scale structures, AM is changing
the paradigm of pool boiling design.”® L-PBF can be
used to easily implement complex structures such as
a vapor-guiding structure, a hollow conical structure,
and a re-entrant microchannel structure. Structures
similar to those mentioned increase bubble nucleation
density, organize vapor-liquid separation pathways, and
promote capillary pressure-based liquid replenishment,
significantly enhancing HTC and CHFE.* Taking advantage
of L-PBF design flexibility, Shim et al.”” showed the design
and fabrication of a vapor-guiding structure. This structure
effectively suppressed lateral coalescence by inducing
vertical growth and stable detachment of bubbles and
smoothly maintained liquid replenishment to prevent
the formation of localized dry areas. Compared with a
plain surface, this structure achieved a 90% increase in
HTC and a 60% improvement in CHE Another study
attempted to control bubble growth using a bubble guide,
as shown in Figures 6A and B.”** Pi et al.' fabricated
a re-entrant microchannel structure using L-PBE This
design incorporates an internal mechanism that captures
the bubbles within the structure and directs them towards
anarrow outlet at the upper point. This structure improved
the heat transfer coefficient by at least 10% and up to 330%
compared to flat surfaces. In addition, ONB temperature
was significantly lowered, greatly improving the initial
boiling transition conditions. Hayes et al.'®' fabricated a
hollow conical structure for regulating flow via metal AM.
The hollow conical body is equipped with vapor-exhaust
outlets on the top and side walls. This structure allows
the self-organization of vapor and liquid flow paths in
accordance with the dimensions and relative positioning
of these outlets. When this structure was applied, the heat
transfer coeflicient improved by up to 400% compared to
a metal plane, and the CHF improved up to 200%. These
L-PBF-based structures achieved higher performance than
existing flat structures by effectively controlling the bubble
dynamics, such as the location of bubble generation,
growth direction, departure timing, fusion prevention, and
liquid replenishment path.

4.5.2. Surface roughness modification

Another advantage of the L-PBF process is the high
roughness of the surface formed during the fabrication
process. A semi-molten metal powder forms on the
surface of metals manufactured using L-PBE'®* This
creates a roughness ranging from micrometers to tens
of micrometers.” This surface roughness increases the
density of bubble nucleation sites, promoting initial
bubble formation and contributing to improved heat
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Figure 6. Pool boiling enhancement using additive manufacturing. (A) Vapor- guiding structure for bubble path.”® (B) Images of different fin structures
using L-PBE®’ Copyright © 2025 American Chemical Society. Reproduced with permission of the American Chemical Society. (C) SEM image of a porous
structure with different layer thickness fabricated by L-PBE!** (D) Bottom plate of heat sink using L-PBE.!** Copyright © 2025 Kempers et al. Reproduced
with permission from the author(s). (E) Surface roughness and contact angle of L-PBF surface.'® Copyright © 2023 Kim et al. Reproduced with permission
from the author(s). (F) Roughness and bubble guide using fused deposition modeling.'"”” Copyright © 2025 Gupta et al. Reproduced with permission from

the author(s).

transfer coeflicients.'” There are studies that have achieved
improved HTC and CHF performance using only L-PBF-
based roughness without a separate structural design.

Research has also shown that the L-PBF-based
roughness across an entire macro-fin surface can enhance
performance. As shown in Figure 6C and D, surface
roughness can be increased using AM.'**'% Lum et al.'®
showed various macro-fin geometries produced by L-PBE
The surface of the fin forms a micro-cavity with an average

Ra of 10 um due to the layer-by-layer method and partially
sintered powder. The improved wettability promotes the
formation of active nuclei on the sidewalls and top of the
pins, causing bubbles to form on the whole structure. As
a result, the emerging bubble coalesced with the growing
bubble at an early stage, shortening the detachment cycle
and increasing the heat transfer coefficient by up to 67%.

L-PBF-based roughness improves performance, but
additional processing can further enhance pool boiling
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performance. As illustrated in Figure 6E and F, surface
roughness and contact angle can also be reduced using
SLM.!%7 Tum et al.'® achieve a rough, porous layer with
an average Ra = 21 wm that boosts capillary pressure and
secures liquid-spreading pathways using L-PBE. Chemical
etching and boehmite oxidation lower the static contact
angle from 44.7° to nearly 0°. This causes rapid re-wetting
and increases the active nucleation density, allowing
bubbles to form and escape quickly. Even without post-
processing, the rough L-PBF surface improved HTC by
32.5% relative to Al 6061. Moreover, the maximum HTC
increased by 103.8% with surface treatment.

Meanwhile, layer-by-layer processes such as FDM also
enhance wettability. Elkholy et al'® proposed that PLA
structures layered using the FDM naturally form a porosity
of 11% because of inter-layer gaps. This gap creates a fine
capillary network that improves surface wetting. This internal
wicking ability reduced the contact angle to 34.5°, allowing
the surface to wet easily and lowering the temperature
required for the ONB. A significant improvement of up to
81% was achieved in terms of the HTC, attributed primarily
to the integrated mechanism of capillary-driven liquid
replenishment and low contact angle.

4.6. Flow boiling

Flow boiling is a complex heat transfer phenomenon in
which a fluid flows along a heated surface and its phase
changes from liquid to vapor. The mechanisms of heat
transfer act in accordance with the flow behavior and phase
change of the fluid. A key difference from pool boiling
is that heat transfer by forced convection also occurs.
Therefore, flow boiling regimes are classified by the liquid-
vapor distribution (Figure 1A). When vapor quality is
low, a continuous liquid phase containing small, scattered
bubbles forms bubbly flow. As the temperature of the wall
increases, the bubbles expand and merge, causing the slug
flow to alternate between vapor slugs and liquid slugs. This
provides strong turbulence and enhances heat transfer. As
the steam quality increases, an annular flow is formed in
which the steam dominates the center, and a thin liquid
film forms on the wall. This maintains a high heat transfer
coefficient, but when the heat flux increases rapidly and the
liquid film disappears, it changes to a droplet flow in which
the liquid droplets move with the steam. Finally, the wall
dries out, and heat transfer decreases rapidly. In order to
achieve efficient heat transfer in this flow boiling process,
it is very important to precisely control bubble dynamics,
such as bubble formation, growth, and separation, as
well as forced convection flow. To improve these factors,
structural designs that uniformize the flow distribution
within the channel and surface modifications that improve
wettability are being actively researched.

4.6.1. Flow control

As mentioned earlier, L-PBF offers a high degree of
manufacturing flexibility, enabling complex and precise
internal flow structures. These advantages are particularly
beneficial in flow boiling. The coexistence of vapor
and liquid due to fluid boiling creates a multiphase
flow environment, which increases fluid heterogeneity
and can cause problems such as localized dry-out and
overheating.'"® To solve these problems, it is essential to
design a flow path that ensures spatial uniformity of the
inflowing fluid and effectively controls the vapor-liquid
mixture state. L-PBF-based structural design is a suitable
method for meeting these requirements, as it enables
high-resolution implementation of lattice, TPMS, and
gradient-based flow control structures, thereby enabling
simultaneous improvement of flow uniformity and heat
transfer coefficients (Figure 7A and B).'**”

Figures 7C-E show that various structures can be
produced using L-PBE!*!"!12 Wong et al.'"* fabricated
a 3D porous metal structure. The gradient structure is
designed to gradually reduce the cross-sectional area of
the flow, thereby increasing the flow velocity as the flow
progresses and implementing a mechanism that enhances
fluid mixing. Inside the structure, nucleate boiling was
dominant due to bubbly flow and churn flow. Among the
different TPMS structure types surfaces, the gyroid is too
complex to fabricate by conventional methods. However,
as shown in Figure 7B, it was possible to fabricate a
gyroid-based heat exchanger using L-PBE'® Because of
the gyroid’s continuous, periodic curved surfaces, the
fluid is uniformly distributed throughout the exchanger.
As flow rate increases, the heat transfer coefficient rises
to 450 W/(m?K), and the device achieves more than a
50% mass reduction relative to a conventional shell-and-
tube heat exchanger while actually improving thermal
performance. Flow-boiling conditions involve rapid
property changes accompanying vapor-liquid phase
change, increasing design complexity. As shown in
Figure 7E structural optimization studies have therefore
been undertaken.'** Zhou et al.''* obtained a root-like
branching pin fin shape through 3D VOF (Volume of
Fluid)-based numerical modeling. Simulations showed
that, compared to a baseline configuration, the optimized
structure delayed ONB through higher convective
surface area and more uniform flow distribution, yielding
up to an 87% increase in average HTC. A subsequent
study fabricated the optimized design with DMLS."¢
The optimized heat sink reduced the ONB by up to
6.6 K compared to the baseline configuration, enabling
rapid nucleate boiling. In addition, the flow visualization
results showed that bubbly flow was highly stable and
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Figure 7. Flow boiling enhancement using additive manufacturing. (A) Flow boiling enhancement using additive manufacturing. (A) Computed
tomography scan image of cubic cell and Kelvin cell fabricated using laser powder bed fusion (L-PBF).” (B) Illustration of Gyroid structure (L = 199.5 mm,
H=40.5mm, and W =41.51 mm)."* (C) Design schematic image of a microchannel heat exchanger using L-PBE.'® Copyright © 2023 Kim ef al. Reproduced
with permission from the author(s). (D) Schematic diagram of a mini-channel heat sink.""! (E) Images of 3D-printed mini channel evaporator.''? (F) Vapor
phase fraction simulation for fin structure."* Copyright © 2025 Park et al. Reproduced with permission from author(s).

recorded the highest HTC in the slug flow section. in a flow boiling environment. L-PBF will be an effective
L-PBF-based internal flow design effectively suppresses manufacturing method for developing lightweight, high-
local overheating, dry out, and the resulting deterioration efficiency heat exchangers by precisely implementing
in thermal performance by equalizing fluid distribution complex flow channels.
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4.6.2. L-PBF roughness modification

Flow boiling is influenced by bubble dynamics such as
bubble nucleation, growth, coalescence, and detachment
from the channel wall. The microstructure of the surface
has a decisive influence on bubble dynamics during this
process.'"” Therefore, the unique roughness generated in
the L-PBF can be utilized as a functional element directly
related to the boiling heat transfer mechanism.'® Ye
et al."? conducted a study leveraging L-PBF advantages,
in which the surface of mini channels forms a structure
with particles of 3 um in diameter and irregular grooves
of 20 um in size due to incomplete melting of the powder.
As a result, the average Ra increases by about 40 times
compared to Al This size range coincides with the
optimum bubble-nucleus radius for R134a (1-20 wm),
increasing the density of nucleation sites and enhancing
wettability. In addition, ONB was accelerated by lowering
the initial superheat, and the heat transfer coefficient of the
channel was approximately 60% higher than that of Al6061.
Without separate post-processing, L-PBF roughness can
simultaneously increase surface wettability and bubble
nucleation density, achieving up to a 50% improvement in
thermal performance. However, since the improvement is
limited due to the uneven distribution of nucleation sites,
additional design optimization is required to precisely
control the roughness shape.

4.7. Two-phase thermal management devices

Two-phase thermal management devices can be classified
into vapor chambers, flat heat pipes, loop heat pipes,
and pulsating heat pipes according to the circulation
mechanism of the internal fluid. The most common types
are the flat heat pipe and vapor chamber. Both cases use
capillary force through a wick structure installed inside
to circulate the condensed liquid back to the evaporation
section. A loop heat pipe, with a more complex layout,
directs vapor and liquid through physically separated
channels and uses wick-based capillary action to transport
heat efficiently over long vertical distances. In a pulsating
heat pipe, the working fluid oscillates in a plug-slug pattern,
repeatedly evaporating and condensing to move heat.

4.7.1. Wick structure

Recent advances in AM have enabled the precise design
and fabrication of wick structures inside heat pipes and
vapor chambers.'” As shown in Figure 8A, L-PBF makes it
possible to form complex capillary pathways, tailor porosity,
and produce integrated parts that can be bent.'"*! Mezghani
et al.'? fabricated a micro-pillar wick that was implemented
inside the vapor chamber using the L-PBF process. The
wick structure is a cylindrical column with a diameter of
several tens of micrometers. This ensures a high specific

surface area and uniform capillary paths. Improvement of
working-fluid replenishment and nucleation site enhances
evaporation performance. This resulted in a reduction in
thermal resistance of up to 58.9% compared to commercial
vapor chambers. As shown in Figure 8B and C, AM also
enables a high-porous wick structure to be fabricated
using L-PBE'#!?* Meng et al.'*® proposed a vapor chamber
with a composite porous-wick architecture. This structure
separates the evaporation, condensation, and liquid
return functions, adopting TPMS structures with varying
pore sizes for each. Specifically, a hybrid-pore wick was
implemented through the differentiation of cell sizes,
thereby resolving the trade-off between capillary pressure
and permeability. This arrangement lowered thermal
resistance by up to 49.6% relative to a conventional single-
pore wick. As shown in Figure 8D, another advantage of this
arrangement is the integrated design, unlike that achieved
with conventional manufacturing methods.'*® Park et al.'*
fabricated a cylindrical heat pipe manufactured using the
L-PBF method, which also incorporates an integral wick in
the bent structure. A hybrid capillary system was realized
by incorporating a screen-covered groove structure in the
evaporator anda groove wick in the condenser and adiabatic
sections. The screen mesh supplies not only a small pore
radius to achieve high capillary pressure, but the groove
wick provides high permeability for liquid circulation. This
configuration reduced thermal resistance by up to 24.2%
compared with a homogeneous groove-wick heat pipe
and reached a maximum effective thermal conductivity of
25.7 W/(m-K). Thus, AM enables complex wick structures
to be realized in a one-step process, achieving superior
thermal performance and structural stability compared
with assembled or conventional wicks. In particular, the
freedom to design and fabricate wick geometry through
L-PBF offers great flexibility for capillary-driven two-
phase heat-transfer systems.

4.7.2. Wettability modification

L-PBF has been shown to yield surface roughness and
wettability, which can contribute to maximizing the
functionality of wick structures. The micro-nanoscale
textures that inherently form during L-PBF enhance
capillary forces and improve contact with the working
liquid, enhancing heat-transfer performance.'”® One trade-
off is that partially-sintered powder can remain trapped
in internal features, making as-built L-PBF parts up to
~7% heavier than their nominal design mass.'” Despite
the slight loss of mass, numerous studies have shown that
the improved wettability and capillary pumping effect
provided by these micro-nano textures result in excellent
heat transfer under conditions of high heat flux or
gravitational influence. Such precise control is difficult to
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Figure 8. Two-phase heat spreader enhancement using additive manufacturing. (A) Different wick structure using L-PBE'*! (B) SEM image of porous
wick and comparison between conventional and 3D-printed wick.'** Copyright © 2025 Geurts et al. Reproduced with permission from the author(s). (C)
Porous wick heat pipe fabricated using L-PBE.'>* Copyright © 2021 R. Kempers et al. Reproduced with permission from author(s) (D) Heat pipe with wick
structure using L-PBE* (E) Scaffold internal structure for capillary."*® (F) Photograph and contact angle of Pulsating heat pipe made with AM-based

polymer.'*

achieve with traditional machining or forming processes,
which is particularly advantageous in high heat flux
conditions or gravity-affected environments. As shown
in Figure 8E, wettability is improved due to increased
roughness caused by unmelted powders.”*® Yun et al.'*!
fabricated a flat heat pipe with a groove-pattern wick by
exploiting the inherent roughness of L-PBE. It exhibited a
thermal resistance of 0.69°C/W and an effective thermal
conductivity about 589% higher than that of the same
volume of aluminum. These gains are attributed to the
increased surface roughness created by L-PBE which
promotes liquid replenishment and increases boiling sites.
Roughness can also be tuned by adjusting laser power. Cui
et al."*? suggested a porous wick composed of cylindrical-
cubic unit cells in aloop heat pipe. Reducing the laser power
from 170 W to 125 W left more partially melted particles
on the surface, increasing micro-cavities. This increases
the porosity to 52% and the capillary absorption to 3.53 g
in 2 minutes. With this porous wick, thermal resistance fell
by 26.5% compared with a conventional copper-powder
wick, and the evaporator temperature dropped about 8.2%

lower than that of the copper wick. Both studies confirm
that the surface roughness and wettability of L-PBF-
fabricated wick structures play a decisive role in enhancing
the thermal performance of heat pipes and loop heat pipes.
Despite an inherent L-PBF weight gain from trapped
powder, the enhanced capillary pumping and liquid
spreading still deliver superior heat transfer. These findings
highlight that integrated optimization of geometry design,
pore-size control, surface-roughness adjustment, and post-
processing is crucial for further performance gains.

4.7.3. Polymer-based two-phase thermal
management device

Application of AM with polymer materials, unlike L-PBF
with metals, offers greater processability and design
freedom, along with transparency and weight reduction.
It is attracting attention for its potential applications
in the precise observation of heat transfer mechanisms
and passive thermal management devices for cooling
electronic devices. Similar to Figure 8E'* Arai et al.'**
fabricated a pulsating heat pipe made of transparent
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polycarbonate using an SLA-based AM process. With a
channel diameter of 0.8 mm and a filling ratio of 30 vol%,
it achieved a maximum effective thermal conductivity of
7.0 x 10° W/(m-K). In the small channel, a stable slug flow
was seen, and this flow helped with heat transfer efficiency
by activating the simultaneous transfer of latent heat and
sensible heat between the evaporation and condensation
sections. Pulsating heat pipe made with AM-based
polymers has proven to be advantageous in internal flow
visualization, various flow optimization, and hybrid design
with composite materials, offering a practical alternative
for high-power electronic devices and aerospace thermal-
management systems.

5. Radiation heat transfer for thermal
management using AM

This section introduces cases related to the regulation
of visible light and IR radiation using AM. In the case
of visible light, it is responsible for the largest portion of
energy within the solar spectrum. Solar radiation spans
from UV (~200 nm) to near-IR (~2500 nm), with visible
light alone accounting for about 43% of solar radiation,
indicating its high energy content. Meanwhile, IR covers
a very broad range from near-IR at 750 nm—which is
included in sunlight—to far-IR at 1 mm. Significant
portions of the IR spectrum are absorbed by gases such
as carbon dioxide and water vapor.'*® Particularly, the
broad band of mid-IR (5-8 wm) is quickly absorbed by
the atmosphere, making it impractical for atmospheric
applications. Therefore, the IR regions most commonly
utilized in research are the near-IR (750-2500 nm),
corresponding to solar radiation, and certain portions of
Earth’s radiation, especially the atmospheric window in the
long-wavelength IR region (8-13 wm). The atmospheric
window is crucial because it allows radiative heat to pass
from the Earth’s surface (~300 K) directly to outer space
(~3 K) with minimal atmospheric reabsorption."** By
controlling the emissivity of materials in the visible and IR
regions, various metamaterials with added functionalities
can be developed.'” For example, high solar reflectance
and efficient thermal emission through the atmospheric
window are two key factors for achieving passive daytime
radiative cooling? (Figure 9A). In addition, modulating
IR emissivity enables IR stealth.

As with previous sections, the use of particles via DIW
is a prominent approach. For instance, a multifunctional
material (methyltrimethoxysilane/SiO,/CNFs ink) has
been reported, utilizing CNFs and silica nanoparticles to
achieve porous lattice radiative cooling with a thermal
conductivity as low as 0.05 W/(m-K)."*® Through AM, a
radiative cooling structure was developed that effectively

cools electronic devices under sunlight during the day.
The fabricated structure lowered device temperatures
by 6.16°C thanks to high solar reflectance and high IR
emissivity, while also ensuring mechanical stability. In
a similar example, an ink composed of polyethylene
and SiO, particles was prepared and printed by DIW to
cool buildings through solar reflection and IR emission
passively'” (Figure 9B). Using commercial polymer
processing technologies such as molding, extrusion, and
3D printing, a low-cost, mass-producible nanoporous
polymer matrix composite was produced, achieving 96.2%
solar reflectance, over 90% IR emissivity, 6.1°C cooling
under direct sunlight, and a net cooling power of 85 W/m?.
Another study developed a polymer aerogel-based radiative
cooling structure by DIW-based AM, featuring a cross-
linked network of polymethylsilsesquioxane and CNFs,
followed by freeze-drying. This structure exhibited almost
no volume shrinkage during freeze-drying and greatly
improved interlayer interfaces, resulting in excellent
fatigue resistance and environmental durability. The
aerogel also demonstrated 94.2% solar reflectance, 95.6%
atmospheric window emissivity, a cooling performance of
72.2 W/m?, a cooling effect of 5.8°C, excellent insulation
(0.034 W/[m-K]), and both water repellency and flame
retardancy. Examples of radiative cooling material
development using additive methods such as DIW and
SLA can be found in applications ranging from fully
uniform films'® to multifunctional wearable smart
sportswear,'>*> and robot shells'*® (Figure 9C-E). In
addition, there are cases where inks with tunable visible
light emissivity are developed and used to fabricate colored
radiative cooling films via DIW-based 3D printing."
For example, colored radiative cooling films have been
produced using PVC/DMF inks, demonstrating the vast
research possibilities enabled by the versatility of inks and
their particle components (Figure 9F).

Meanwhile, there are also reported cases of IR stealth
research aimed at drastically lowering IR emissivity
(Figure 9G). The use of 3D-printed molds to create
3D aerogel structures has been reported for some
time; a representative example is the development of a
honeycomb-based lightweight aerogel composite for IR
stealth, integrating reduced emissivity, heat absorption, and
insulation functions'* (Figure 9H). Using MXene, PVA,
and PCMs, these composites were fabricated via 3D-printed
molds, freeze-drying, and vacuum impregnation, resulting
in low emissivity (0.273), high latent heat (105.3 J/g),
and excellent mechanical strength. Even when exposed
to a heat source at 100-120°C,the radiative temperature
remained around 30°C, demonstrating effective IR stealth
performance. More recent research has even used 3D
printers to directly print IR stealth metamaterials; for
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Figure 9. Working principles and representative examples of radiative thermal metamaterials based on additive manufacturing. (A) Conceptual graph
illustrating selective emitters for solar reflection and IR emission to prevent radiative heat, such as radiative cooling. (B) 3D-printable nanoporous polymer
matrix composites.’” Copyright © 2021 American Chemical Society. Reproduced with permission of the American Chemical Society. (C and D) The
3D-printable polyvinylpyrrolidone-linked hollow silica nanoparticle.'* (E) 3D-printed robot shell for daytime radiative cooling.'* (F) PVC/DMF colored
passive radiative coolers film." Copyright © 2024 American Chemical Society. Reproduced with permission of the American Chemical Society. (G)
Conceptual graph of IR emissivity for shielding against IR thermal radiation, such as IR stealth and thermal cloak. (H) Brick-like MXene@PVA/PCM
composite aerogels with a honeycomb structure.** Copyright © 2024 American Chemical Society. Reproduced with permission of the American Chemical
Society. (I) 3D meta-helmet for object camouflage.'® Copyright © 2020 Wiley. Reproduced with permission of Wiley.

Abbreviations: DMF: N,N-Dimethylformamide; LWIR: Long-wave infrared; PCM: Phase change material; PVA: Polyvinyl alcohol; PVC: Polyvinyl
chloride; UV: Ultraviolet.

example, an Al alloy helmet produced by L-PBF printing introducing metallic and ceramic particles into polymer
for IR camouflage has also been reported'® (Figure 9I). matrices, enabling control over visible and IR light. For

For this section, we have thoroughly reviewed the instance, porous structures fabricated from silica or cellulose
latest trends and application cases of AM technologies for nanofibers have demonstrated their effectiveness in a
controlling wavelength-selective radiative heat transfer variety of applications, including radiative cooling achieved
in thermal metamaterials with structures ranging from by high solar reflectance and IR emission. Recently, there
the nanoscale to the macroscale. Depending on unit cell have been consistent reports of advances such as aerogels
size and design requirements, a variety of AM processes, with extremely low IR emissivity and 3D-printed helmets
such as DIW and FFF, are selected. It has been confirmed made from aluminum alloys, which simultaneously realize
that functional composites can be developed by precisely radiative heat concealment and IR stealth. In summary, AM
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technologies drastically increase the freedom of shaping and
structural design of thermal metamaterials and are a key
solution for accurately implementing target properties in
desired wavelength ranges by combining various functional
particles. AM thus serves as a foundational technology
that expands the boundaries of metamaterial applications,
such as wavelength-selective radiation shielding, radiative
cooling, and stealth, and is expected to play an increasingly
important role in future thermal management and energy
applications.

Furthermore, a recent study showed that a tubular
ceramic lattice structure fabricated using SLA 3D printing
can enhance radiative heat transfer by as much as 160-
280% in high-temperature environments, while achieving
low pressure drop and enabling efficient radiative heating
of fluids within the structure."” This indicates that the
convergence of radiative heat transfer and AM goes beyond
the wavelength selectivity of the material itself, allowing
for consideration of interactions with fluid flow. Such
an integrated approach is expected to greatly contribute
not only to broadening the potential for application in
engineering devices such as heat exchangers but also to
expanding the design freedom and application range of
additive-manufactured radiative heat transfer materials.

6. Future perspectives

The continuous evolution of AM promises significant

advancements in thermal management solutions across

various sectors, including electronics, automotive,
aerospace, and construction. Key future research directions
can be categorized as follows:

(i) Advanced material development: Future research
should focus on developing new composite materials
with enhanced thermal properties. Combining high
thermal conductivity materials, such as graphene and
BN, with polymers through precise AM techniques
will likely achieve unprecedented heat dissipation
performance. In addition, integrating PCMs into
complex AM structures may further revolutionize
energy storage and temperature regulation systems.

(ii) Multifunctional metamaterials: Exploration into
AM-enabled thermal metamaterials presents vast
opportunities. The integration of thermal cloaking,
thermal focusing, and directionally controlled
heat transfer capabilities into single structures can
open avenues for advanced thermal management
applications in electronics cooling, building insulation,
and stealth technologies. Further research into
improving the mechanical robustness and scalability
of these metamaterials is essential.

(iii) Optimization of computationally efficient thermal
modeling tools using machine learning: There is great

potential in combining AM with efficient computational
thermal modeling tools such as topology optimization
and machine learning algorithms. Enhanced predictive
capabilities through AT will facilitate highly efficient and
customized thermal management designs, significantly
reducing  design-to-product  cycles. Developing
standardized databases and predictive models for AM
processes will streamline material selection and process
parameter optimization.

(iv) Sustainability —and  scalability: ~ Emphasis on
environmentally friendly AM processes, recyclable
materials, and waste reduction should be prioritized.
Scaling AM technologies for mass production,
particularly for large-scale thermal management
solutions, is critical. Further development in high-
throughput and cost-effective AM methods, such
as VPP and MJ, will support broader adoption in
industries.

(v) Hybrid and multimaterial printing: The future of
AM thermal management will likely involve hybrid
printing techniques combining multiple materials
in a single process. This will enable functionally
graded materials with tailored thermal, electrical, and
mechanical properties, allowing for more integrated
and complex thermal management solutions.

(vi) Reducing  thermal interfacial resistance in
multimaterial AM parts: Thermal interfacial
resistance is essential for effective heat transfer.
Interfaces between dissimilar materials often cause
phonon scattering and weak bonding, increasing
thermal resistance. Strategies such as functionally
graded interfaces, optimized printing parameters, and
surface treatments help improve interfacial thermal
conductance. These approaches enhance both thermal
performance and structural reliability in AM-based
thermal management systems.

(vii) Designing lattice structures with validated thermo-
mechanical performance cycling: Lattice structures
are increasingly used in thermal management due
to their lightweight and high surface area, which
enhances heat dissipation and structural efficiency.
However, repeated thermal and mechanical stresses
can degrade their performance over time. To
address this, researchers combine simulation and
experimental methods to optimize geometry, material
combinations, and structural density. This ensures
stable thermal and mechanical performance even
under long-term operational conditions.

7. Conclusion

Developments in the AM technology have significantly
advanced thermal management, providing unparalleled
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opportunities in design freedom, material customization,
and performance optimization across conductive,
convective, boiling, and radiative heat transfer applications.
By enabling intricate internal geometries and precise
material placement, AM facilitates the development
of tailored thermal solutions such as advanced heat
exchangers, sophisticated thermal metamaterials, and
integrated two-phase cooling devices. Enhanced thermal
conductivity through polymer composites and optimized
microchannel and TPMS structures highlight AM’s
potential to meet escalating heat dissipation demands,
particularly in electronics and high-power devices.
Moreover, AM’s ability to integrate PCMs and functionally
graded materials allows for highly efficient thermal
regulation, energy storage, and advanced thermal cloaking
functionalities. Despite these promising advancements,
significant challenges remain, including ensuring structural
integrity, precise microstructural control, and scalable,
cost-effective manufacturing processes. Addressing these
issues through continued research and integration with
computational methods like topology optimization and
Al-driven design will be crucial.

Looking forward, hybrid and multimaterial AM
techniques hold immense promise in overcoming
current limitations, paving the way for multifunctional
metamaterials and  highly customizable thermal
management solutions. As AM technologies continue to
mature, their integration into broader engineering sectors
will drive substantial improvements in energy efficiency,
sustainability, and system reliability. Future advancements
will likely focus on overcoming technical barriers
associated with scaling production, ensuring repeatability,
and developing standardized AM processes. Moreover,
extensive exploration into recyclable and environmentally
sustainable materials will be vital in aligning AM practices
with global sustainability goals. Enhanced collaboration
between academia, industry, and regulatory bodies
will further accelerate AM innovations, ensuring rapid
and effective implementation in practical scenarios.
Ultimately, AM stands to significantly enhance future
thermal management strategies, supporting innovative
advancements in diverse industrial applications.
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Abstract

The prevailing screening and qualification methodologies heavily depend on
conventional manufacturing processes, which incur significant costs and prolonged
lead times due to extensive physical testing. These challenges are also present in the
growing field of additive manufacturing (AM), where numerous process parameters
must be considered. However, the net-shape forming advantage of AM renders
conventional screening and qualification methods inadequate. In the context of
ongoingindustrial digital transformation, a promising approach to enhancing process
screening and qualification for metal AM is the adoption of a digital methodology
tailored to the unique characteristics of this manufacturing technique. In this study,
a convolutional neural network model is employed to extract features from images
to predict material properties in laser-directed energy deposition (L-DED) processes.
The model achieved a mean absolute percentage error of 2.3% and a root mean
square error of 15.0 MPa for predicting ultimate tensile strength, with a prediction
residual within £1% for density. Unlike conventional approaches that rely on bulk
or multilayer builds, this study uniquely demonstrates the feasibility of using early-
stage single-track print features to predict final part properties with limited view and
material involvement. This established model and workflow pave the way for highly
efficient and low-cost property prediction in L-DED processes.

Keywords: Additive manufacturing; Directed energy deposition; Machine learning;
Process screening; Qualification

1. Introduction

Laser-directed energy deposition (L-DED) is a promising method for metal additive
manufacturing (AM) and is widely used to fabricate net-shaped and near-net-shaped
parts.? This technique enables the direct manufacture of highly complex parts from
high-performance materials using computer-aided design data. Metal powder is fed
either coaxially or through a set of radially symmetric nozzles into a molten pool
created by laser energy during the L-DED process.” This material is deposited layer
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by layer to fabricate a three-dimensional (3D) structure.
The key to producing intricate structures using L-DED
lies in identifying suitable process parameters.* Process
parameters, such as power feed, scan speed, mass flow rate,
and gas flow rate, play a crucial role in determining the
final properties of additively manufactured parts.>® Over
the past decade, significant research efforts have focused
on identifying optimal processing regimes for various
materials to achieve defect-free manufacturing. These
efforts have primarily relied on costly trial-and-error
experiments and computationally expensive mechanistic
simulations.”

The use of machine learning (ML) in materials
engineering and smart manufacturing has been gaining
popularity.®® Researchers are increasingly adopting ML
methods in metal AM to accelerate the development
of process parameters and to reduce costs.’* Utilizing
ML enables the creation of process maps that provide a
detailed view of the process windows, which aids in the
efficient optimization of parameters.'*? This strategy helps
researchers streamline the development of parameters,
resulting in shorter development times and reduced costs
from trial-and-error experiments. Inaddition, MLleverages
extensive datasets to predict mechanical properties,
expediting qualification and optimizing material selection
and processing parameters.'>'* This predictive capability
integrates seamlessly with both in-process and post-
process productive metrology, offering a comprehensive
evaluation of manufactured components.'>'®

The  prevailing screening and  qualification
methodologies heavily rely on conventional manufacturing
processes, such as casting, forging, and powder metallurgy.
Consequently, these methodologies are associated with
significant costs and prolonged lead times, primarily
attributable to the extensive physical testing required.
Moreover, it is imperative to acknowledge that these
traditional approaches may not be well-suited for metal
AM processes.”” For L-DED, the flowchart of the prevailing
traditional methods is shown in Figure 1A. The process
begins with printing numerous single-bead samples based
on experimental designs. These samples undergo several
preparatory steps, including wire cutting, mounting, and
polishing, to create metallurgical samples. These prepared
samples are then examined under an optical microscope
to capture the geometry index of the cross-sectional bead.
Preliminary process window screening is carried out based
on the bead geometry index, and the “good” parameters
are selected for printing block samples. The final
evaluation primarily focuses on the porosity and tensile
properties of these block samples. Parameters that meet
user-defined requirements are identified as the optimal

process window. If the requirements are not met, the
unsatisfactory parameters need to be revised. Depending
on the complexity of the case, this may involve minor
revisions for block printing or major redesigns for single-
bead sample printing. The traditional methods can impose
substantial costs and long lead times on commercial
organizations due to insufficient qualification protocols.

Several prior studies in metal AM have applied
convolutional neural networks (CNNs) to high-speed
imaging data—particularly in powder bed fusion—to
detect defects and predict properties. For example, Zhang
et al.'"®achieved ~92.7 % classification accuracy recognizing
quality levels from melt-pool, plume, and spatter images in
stainlesssteel 316L single-track laser powder bed fusion.
In addition, Herzog et al."® leveraged multi-axis infrared
monitoring of completed builds, combined with ML, to
detect defects in L-DED. Unfortunately, whether using
in situ measurement data or full-build surface data, the
acquisition workflow remains resource-intensive. AM
inherently builds from lines (tracks) to volumes (parts);
therefore, the quality of a single track could, to some
extent, serve as fundamental feedback on final part quality.
This is an intriguing yet underexplored proposition.

Toaddress the constraints associated with the traditional
method, this study introduces the ML-Qvision model,
designed to achieve two primary functions: Function 1—
rapid process window screening by scanning the surface
profile of printed single-bead samples to predict the quality
of the printed blocks using the CNN model—and Function
2—qualification of L-DED printed parts by scanning the
surface profile of printed blocks to predict their porosity
and tensile properties, as illustrated in Figure 1B. This
study explores the use of ML techniques for screening
process parameters and establishing surface-to-property
relationships in L-DED fabricated Monel K-500 alloy. The
novelty of this study lies in its use of surface profile images
from single-bead tracks to predict final properties of
L-DED builds. Traditional process screening and property
qualification in AM typically require extensive multilayer
printing and post-processing. In contrast, our approach
enables early prediction of key quality metrics, potentially
reducing the trial-and-error cycle in new material
development, saving time, material, and cost.

2. Materials and methods
2.1. Directed energy deposition

The manufacturing process for all samples was conducted
using the BeAM Magic 800 system (AddUp Group,
France). Monel K-500 powder (Sandvik Osprey Ltd,
United Kingdom), characterized by a size distribution
ranging from 53 to 150 pum, was utilized for sample
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Figure 1. Schematic of proposed workflow and comparison with conventional methods
Abbreviations: 3D: Three-dimensional; CNN: Convolutional neural network; DED: Directed energy deposition; OM: Optical microscopy.

fabrication. The chemical composition of the powder
is detailed in Table 1. Powder that is compatible with
the L-DED process can achieve fully densified samples
with optimal parameters.* Throughout the fabrication
process, meticulous attention was devoted to capturing the
surface morphology of the printed samples. In addition,
the density of each block was carefully measured, with
subsequent tensile testing exclusively administered to
samples demonstrating the capability to yield valid results.

A full factorial design was employed to investigate the
effect of three factors on the L-DED process, as detailed
in Table 2. A total of 6 x 7 x 3 = 126 combinations of
process parameters were used for the L-DED process,
encompassing both single-bead and block samples, to
train the ML model. Notably, all single-bead samples were
printed onto a single substrate and had a uniform length of

80 mm. The block samples generated possessed dimensions
of 20 mm X 30 mm x 20 mm.

2.2. Materials characterization

The surface profiles of both printed blocks (Figure 2A) and
single beads (Figure 2B) were captured by a laser profile
sensor (LLT3010-25/BL, Micro-Epsilon, Germany), as
shown in Figure 2C. The measured profiles were processed
using the scanCONTROL 3D-View 3.7 software for
illustration and image export. Before ML processing, all
exported images were resized and set to a resolution of
650 x 650 pixels, which illustrates the surface roughness
and continuity of the printed surface as a function of scan
speed and laser power under the same feed rate. A complete
dataset of the surface morphologies of both blocks and
single beads is illustrated in Figure Al.
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Figure 2. Experimental setups. (A) Printed blocks on the substrate. Scale bar: 5 cm. (B) Single beads on the substrate. Scale bar: 10 cm. (C) Schematic of a
three-dimensional laser surface profile scanner. (D) Design of the tensile sample and the positions in the block sample.

Table 1. Chemical composition of the Monel K-500 powder

Element Copper Aluminum Iron

Manganese Titanium Oxygen Nickel

Percentage (wt%) 30 2.35 1.2

1.1 0.82 0.01 Bal.

Table 2. Parameters used for laser-directed energy deposition

Parameters Value

Laser power (W) 800, 1,000, 1,200, 1,400, 1,600, 1,800, 2,000
Scanning speed (mm/min) 1,000, 1,400, 1,800, 2,200, 2,600, 3,000
Powder feed rate (g/min) 16, 20, 24

Secondary gas flow rate 10

(L/min)

Central gas flow rate 6

(L/min)

Laser spot size (mm) 2.25

Z step (mm) 0.3,0.45

XY step (mm) 1.5

Powder carrier gas level 60%

Density measurement was only conducted on block
samples. Block samples were wire cut from the substrate,
and densities were determined via Archimedes” method
using a densitometer (XS204; Mettler Toledo, United
States). After acquiring the densities of the blocks, the
samples were shaped into dog-bone specimens using
electrical discharge machining for tensile testing. The
design of the tensile coupons is shown in Figure 2D. Three

specimens were cut from the printed block samples from the
middle part. Several samples were excluded due to printing
defects, such as pores and lack of fusion, as illustrated in
Figure A2. Only 61 samples qualified for tensile testing to
acquire the ultimate tensile strength (UTS) and elongation
at failure. The tensile tests were conducted on a uniaxial
tester (AGX 50 KN, Shimadzu, Japan) with a non-contact
digital video extensometer, with a strain rate of 0.5 mm/
min at room temperature. Testing was conducted on each
block sample using three identical tensile coupons.

2.3. ML framework

A CNN is a robust neural network architecture for image-
related tasks, including classification and regression.” It can
automatically detect the critical features from raw images
without manual supervision. As surface morphology
images are the inputs for the predictive model training in
this research work, CNN handles the image dataset and
establishes the surface-to-property relationships.

2.3.1. Model implementation

The ML-Qvision framework was implemented in the
Python Tensorflow library (version 2.1.0) using the Keras
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functional application programming interface.”® This
model, as schematically illustrated in Figure 3, has three
pairs of convolutional and pooling layers followed by three
fully connected layers. The number of filters for the three
convolutional layers was set as 16, 32, and 64, respectively,
to capture different pattern combinations from the images.
The size of each filter was 3 x 3, followed by a “same”
padding. The output generated by each convolutional
layer was fed into a max pooling layer to obtain a down-
sampled feature map. The max pooling layers have a pool
size of 2 x 2, halving the dimensions in horizontal and
vertical directions. The feature map generated by the last
max pooling layer was flattened into a vector and then fed
to the first fully connected layer. The number of nodes in
the three fully connected layers was 16, 4, and N, where N
depends on the required number of outputs. For the case of
only one output, a total of 89,721 trainable parameters were
leveraged in the model. Batch normalization and dropout
with a rate of 0.4 were applied only after the first fully
connected layer to prevent overfitting. The output layer
used the linear activation function for the regression task.
The model was trained with 1000 epochs and a batch size
of eight. The train-test split ratio was 80/20, as a general
practice.

The input images are represented with dimensions n
x n x m, where # is the width and height of the surface
morphology image, and m is the number of channels (for
a color image, m = 3 for red, green, and blue channels,
whereas m = 1 for grayscale images). All input images
were normalized from the original range of 0-255 to a
standardized range of 0-1 before being input into the CNN.
This normalization reduces computational complexity and
accelerates model convergence.

2.3.2. Objective functions

Error metrics designed for numeric values were used to
evaluate predictions made by regression models. These
metrics provide an indicative score that summarizes
the predictive performance of the trained model,

64x64x16

allowing users to compare accuracy across different
model settings and datasets. The two most commonly
used error metrics for regression predictions are mean
absolute percentage error (MAPE) and root mean
square error (RMSE).”2? MAPE is the mean of all absolute
percentage errors between the predicted and actual
values, whereas RMSE is the square root of the mean
squared error between the predicted and actual values.
MAPE expresses the error as a percentage, facilitating
easier model comparisons, whereas RMSE is on the
same scale as the target variable. However, MAPE is
more sensitive to outliers, as it can produce significant
percentage errors when the target value is very small.
Consequently, both MAPE and RMSE were monitored
to predict density and tensile properties.

2.3.3. k-fold cross-validation

Model performance validation is essential for ensuring
the accuracy of any predictions of an ML model.
Typically, the unseen data (test set) is separated from the
overall dataset using a user-defined ratio; for instance,
an 80/20 ratio is set for this model training and testing.
However, this splitting can introduce bias if the data
distribution in the test set significantly differs from
the training set, a problem that is more pronounced
with limited data. Cross-validation is a technique
used to evaluate ML models on limited datasets.”>** It
provides a more robust estimate of the trained model’s
generalization error.

In k-fold cross-validation, the dataset was first
shuffled to ensure that the order of the inputs and outputs
was utterly random. This step helps to ensure that the
data are less biased. Then, the dataset was split into k
non-overlapping subsets of equal size. Each k-subset
was treated as a test set, whereas all other subsets were
collectively used as a training set. The overall model
performance was calculated as the mean of the k hold-out
test performances. k=5 was chosen for this analysis on the
small dataset.”®

{7 Input layer i Conv2D ) Batch normalization il Activation [l Max pooling () Flatten i) Dense () Dropout

Figure 3. Convolutional neural network architecture used for feature extraction from surface profile images
Abbreviation: conv2D: Two-dimensional convoluted layer.

Volume 1 Issue 3 (2025)

doi: 10.36922/ESAM025280018


https://dx.doi.org/10.36922/ESAM025280018

Engineering Science in
Additive Manufacturing

Machine learning enhanced metal AM qualification

3. Results
3.1. Dataset collection and data processing

Input data for the ML model is separated into two parts:
(i) The input surface profile images, and (ii) the targeted
properties for the regression work, including density and
tensile properties (UTS and elongation at failure). For every
processing parameter combination of scan speed, power,
and feed rate, two profiles from the printed block surface
and the single-bead surface were collected. A top view of
this 3D profile, color-coded by the height of the sample
surface, was used as raw images for the input. Each raw
color image was first resized to the pre-determined input
size of 64 x 64. The RGB images were then normalized
to a range of (0, 1) by dividing the raw values by 255. In
this sense, a total of 126 images of block top surface and
126 images of single-bead surface were generated from
the measured surface profile as the input for the model
training process. Figure 4A shows the input images matrix
printed at a fixed feed rate of 16 g/min, while varying the
other two processing parameters. The inputs for the other
two feed rate conditions are shown in Figure Al. The block
surface morphology changed significantly with varying
power and scan speed, as shown in Figure 4A. Lower
scan speeds combined with higher power resulted in
rougher and more textured surfaces, whereas higher scan
speeds and lower power produced smoother surfaces with
fewer pronounced features. When the same parameters
were applied to print single-bead samples, higher power
enhanced the intensity of the red lines, indicating higher
regions, while lower power resulted in less pronounced
features. In addition, processing parameters that produce a
rough block surface also resulted in a thinner, less smooth
surface. This correlation in surface features suggests that
the bulk sample surface can be inferred from the single-
bead surface, enabling predictions for the larger sample
based on observations of the bead surface.

The metrics for the properties on the output side of
the Qvision model are density and tensile properties. The
densities of all 126 block samples are plotted in Figure 4B.
For all types of feed rate, the defect samples—typically
with lower densities—were consistently observed at
lower power levels and higher scan speeds. Notably, the
printed material, Monel 400 nickel-based super alloy, has a
nominal density of around 8.5 g/cm®. When laser power is
above 1200 W, the printed blocks are close to the nominal
density and are considered nearly dense. Tensile coupons
were cut from these printed blocks. However, only 61 of
them were free of defects—such as large poles and a lack
of interior fusion defects—at the designed positions. The
existence and the distribution of defects could significantly
detriment the tensile properties of the blocks. Blocks

that could not produce tensile coupons with minimal
macroscopic defects were excluded as potential outliers.
Measured tensile properties for the 61 qualified parameter
combinations are plotted in Figure 4C and categorized
by powder feed rate. The 16 g/min and 24 g/min feed
rates showed more variability in both metrics of tensile
properties, with noticeable clusters indicating optimal
ranges. In contrast, the 20 g/min feed rate exhibited a
more consistent performance, with less variability in both
UTS and elongation. It achieved higher UTS values while
maintaining moderate elongation.

3.2. Process window screening

Process window screening is a critical method for
evaluating and optimizing printing process parameters
within a defined range to achieve the desired printing
outcomes. This approach involves systematically varying
and analyzing factors such as laser power, scan speed, and
powder feed rate to identify the optimal combination that
yields the best print quality and mechanical properties. By
adjusting these parameters, manufacturers can fine-tune
the printing process to produce parts that meet stringent
specifications and performance standards.

For the L-DED fabricated Monel K-500 alloy, density and
UTS values predicted from surface profiles of printed single-
bead samples were used as screening references. A scatter
plot relating these two properties is shown in Figure 5A.
According to the specific application requirements,
users can define acceptable thresholds for both UTS and
density to differentiate satisfactory printed samples from
unsatisfactory ones. In this study, the threshold values
selected were a UTS of at least 500 MPa and a density
greater than 8.4 g/cm’. These criteria were used to establish
a qualified region within the scatter plot, which was shaded
green for visual clarity in Figure 5A. Within this qualified
region, a total of 21 samples met the defined criteria,
although three of these were excluded from further tensile
testing. The samples that did not meet the criteria and fell
outside the green shaded region were disqualified. It was
observed as the inset of Figure 5A that the qualified samples
within the green region exhibited relatively smoother
surfaces and fewer discontinuities in the single-bead
surface profile. This was consistent with the expectations, as
stronger (higher UTS) and denser (higher density) samples
typically correlate with better overall sample quality and
fewer defects in printed materials. A comprehensive
visual representation is shown in Figure 5B, in which red
circles represent the process parameters that produced a
disqualified sample due to either poor tensile properties
or low density, and green surfaces enclose all the qualified
processing parameter combinations, which indicate the
optimized process window.
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Figure 4. Measured data for Qvision model training. (A) Surface profile for both block and single-bead samples for powder feed rate of 16 g/min.
(B) Measured density for all 126 block samples as a function of three variables. (C) Tensile properties (ultimate tensile strength and elongation at failure)
for 61 qualified block samples that could produce a valid tensile coupon for uniaxial tensile testing.

3.3. Input image size tuning

CNNs can process input of arbitrary size by applying a
combination of downsampling and pooling. However,
it has been found that CNN models are not agnostic to

the input size;” they exhibit significant differences in
performance based on the input size. Presenting the same
image at different scales can result in varying outcomes.*
There is no straightforward relationship between input
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Figure 5. Print parameter screening. (A) Scatter plot of ultimate tensile strength versus density for printed single-bead samples and its role in identifying
the qualification region. (B) Three-dimensional plot unveils process window with parameters and qualification status.

size and model performance; instead, each network has
an optimal input size at which it performs best. Therefore,
three different input image sizes (32 x 32, 64 x 64, 128 x
128) were investigated before training the final model to
determine an optimal value that can yield more accurate
prediction results.

Figure 6 reveals that the performance of the CNN model
varies significantly with different input image sizes. For both
density and UTS predictions, the error metrics (MAPE and
RMSE) showed a similar trend. The optimal performance
for both properties was observed at an image size of 64 x 64,
where the MAPE and RMSE values were the lowest. This
indicated that the model could achieve the highest accuracy
and lowest prediction error at this image size. In contrast,
smaller (32 x 32) or larger (128 x 128) image input would
increase error metrics, suggesting a decrease in model
performance. Interestingly, although higher resolution
(128 x 128) retained more spatial information, its use led
to degraded performance compared to the 64 x 64 size.
The reduced accuracy with a smaller input size is expected,
as the limited resolution provides insufficient spatial
information for reliable predictions. In contrast, although
a larger input size of 128 x 128 retained finer details and
higher resolution, the model performance did not improve
as anticipated. The enlarged input size introduced a greater
number of redundant features, increasing the risk of
overfitting and complicating the feature—target relationships
beyond the capacity of the current network architecture. In
small-data settings, richer input can exacerbate overfitting
due to the curse of dimensionality, where the required
number of training samples grows exponentially with input
feature dimensionality.”” Furthermore, higher resolution
increases the number of learned parameters, potentially

exceeding the model capacity for this dataset and reducing
generalization ability. These observations confirmed that
each model exhibits an optimal input size, and in this case,
the size of 64 x 64 yielded the best results for predicting
both density and UTS.

3.4. Performance evaluation

After validating the proposed CNN model using the five-
fold cross-validation, a new model was trained with a single
output on a newly split training set for predicting sample
density and tensile properties. Notably, for one process
parameter, printing was conducted for both the block and
a single bead. The output metrics, the properties of the
printed sample, were measured and selected from block
samples only. Two models were trained on different input
surface profiles from single beads and blocks, respectively.
All test cases were close to the blue regression line, on
which the predicted and actual densities were the same, as
shown in Figure 7A, except for an obvious outlier for single
beads. The block samples exhibited higher prediction
accuracy compared to single bead samples, as indicated
by the higher R* value. The residual analysis shown in
Figure 7B also indicates that the predicted outcome varies
within a +1% range of the ground truth values. In addition,
the calculated residuals did not exhibit a visible pattern,
i.e., the error is independent of predicted density value,
indicating that the model is a good fit for the density
prediction. A higher indexing accuracy was achieved for
samples with a density over 8.4 g/cm?, which is close to the
completely dense state. The model performed better as the
number of dense samples for the training input was greater
than that of defective ones with lower density, as shown in
Figure 4B. A more evenly distributed dataset could be used
for model training to achieve a more reliable prediction.
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Figure 8A shows the predicted versus measured UTS
for single-bead and bulk samples based on the testing
surface profiles (the input images). Both the R* values of
single-bead and block samples are lower than 0.5. The
predicted values are more scattered from the ground
truth line, and higher residuals (£5%) were found for the
model predicting UTS compared to the density prediction
(+1%), as illustrated in Figure 8B. This reduced accuracy
can be partly attributed to the limited dataset size, as only
61 samples were available for training and testing the UTS
prediction model. The model had fewer examples from the
full UTS range, which likely contributed to the increased
complexity in learning the relationship. Furthermore,
UTS prediction is inherently more challenging than
density prediction, as tensile strength depends on multiple
factors beyond porosity, including grain structure,

phase composition, and defect morphology, many of
which are not fully captured in surface profile images.
In contrast, density is more directly related to surface-
visible features, such as lack-of-fusion defects or irregular
melt tracks, making it easier for the model to establish a
consistent mapping. Nevertheless, the performance of UTS
prediction from single-bead samples was comparable with
that from block surfaces. The model’s ability to exploit the
additional geometric and textural information present
in block surface profiles was constrained by the limited
data size. As a result, both input types provided a similar
level of predictive capability for UTS within the current
data conditions. A larger and more diverse dataset could
potentially reveal clearer performance differences between
the two input types.
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Abbreviation: UTS: Ultimate tensile strength.

Apart from UTS, elongation at failure was also
predicted. Numerous studies have reported a systematic
strength-ductility trade-off across metallic systems,
where UTS tends to increase as elongation decreases,
reflecting shared but competing structural influences.
This relationship motivated the development of a multi-
output regression model, featuring a shared convolutional
backbone and separate fully connected output heads for
UTS and elongation. The expectation was that shared
layers could capture common predictive features from
surface profiles, enabling knowledge transfer® and
improving both outputs. However, as shown in Table 3, the
multi-output model produced higher MAPE and RMSE
values than the corresponding single-output models. The
differences in error between the single-output model and
multi-output model for UTS and elongation are 1.3% and
2.3%, respectively. This result indicates that while UTS and
elongation share some dependencies, they are not perfectly
correlated in terms of predictive features extracted from
surface images. In the context of the current small dataset,
this partial overlap may have limited the benefit of shared
feature learning, leading instead to negative knowledge
transfer. Another contributing factor could be the curse
of dimensionality.” Increasing the dimensionality of the
output space without a corresponding increase in sample
size raises the computational complexity of the learning
problem and the risk of overfitting, ultimately reducing
prediction accuracy.

4, Discussion

The proposed ML-Qvision model uses image input
that offers distinct advantages over traditional process

Table 3. Performance comparison for single and
multi-output convolutional neural network models

Model type MAPE % RMSE

UTS Elongation UTS Elongation
Single-output 23 6.9 15.0 3.1
Multi-output 3.6 9.2 21.6 4.5

Abbreviations: MAPE: Mean absolute percentage error; RMSE: Root
mean square error; UTS: Ultimate tensile strength.

parameters. Images inherently contain a wealth of
information with intricate spatial relationships, which
provides a more comprehensive representation of the
subject matter compared to numerical or categorical
data alone.” In this study, the smoothness of the surface
profile, discontinuous sites (originating from the surface
roughness), and relative intensity variation (resulting from
the height difference of the surface) on the corresponding
input images provided valuable insights to the model. The
top surface is an essential indicator of the part’s overall
quality, i.e., the final properties of built samples.”’ It also
reflects the quality of the laser-material interaction during
the building process and can be used to reveal potential
issues such as overheating, insufficient melting, or
improper layer bonding. Qualitatively, insufficient energy
input during the printing process can induce lack of fusion
defects and leave behind unmelted powders, resulting in
a porous surface post-melting.*> Conversely, excessive
energy input may cause spherical pores and bubbles due
to the Marangoni flow in the melt pool.**** An uneven or
wavy surface may correlate with internal defects, whereas
an ideal surface would exhibit minimal surface roughness,
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indicating a defect-free internal structure. Thus, a well-
processed surface often correlates with a sound internal
microstructure, while surface imperfections can indicate
underlying issues within the material.

The trained ML-Qvision eliminates the need for manual
feature extraction and analysis, often required when
using process parameters, thereby streamlining the data
preparation phase and reducing potential human error. In
this work, the accuracy of density prediction significantly
surpasses that of tensile properties. The key distinction
lies in the quantity of valid input data available for model
training. Out of all 126 fabricated samples, only 61 samples
successfully generated images paired with corresponding
measured data for predicting tensile properties from
the surface profile. CNN models generally necessitate
substantial datasets to accurately capture intricate patterns
and relationships within the data. In scenarios where
the available data is limited, the model may struggle to
effectively learn complex features, resulting in suboptimal
performance.® Increasing the number of inputs could
improve the performance of the model. However, L-DED
samples produced under certain processing parameters
are prone to defects, which hinder the production of valid
tensile coupons. Despite defective samples being inevitable
within these process parameters—due to issues such as
lack of fusion or extensive porosity commonly found in
unsuitable metal AM parameters.**¥—including more
input data for the tensile property prediction model would
enhance its accuracy and versatility. In the meantime,
the defects mentioned above could be predicted by
the proposed model, enriching the information that is
deduced from the simple surface profile measurement.
Obtaining this information for printed samples typically
requires X-ray tomography scans or destructive screening
by microscopes.** In the context of CNN models with
multiple outputs, leveraging the correlation between
outputs can be highly informative and productive.”” Future
research could be directed toward developing an image
data-driven model capable of simultaneously predicting
defects and tensile properties, in which the eliminated data
due to defects can be utilized.

The current workflow aimed to correlate surface profile
data with the properties of the samples. The trained model
achieved comparable prediction performance when a full
image of a block surface and a single line from a single-
bead sample were used. This indicates that properties can
be effectively predicted based on the surface profile image
of a single bead during the L-DED process. Consequently,
property inspection does not require a fully built sample
for testing, which typically involves tedious and destructive
sample preparation procedures. Instead, the quality

inspection of required properties, such as density and
tensile strength, can be predicted by capturing the surface
profile of a single track. This approach streamlines the
inspection process, reducing the time and material costs
associated with traditional testing methods. In addition,
the L-DED process is conducted in a line-by-line and layer-
by-layer manner. Capturing the surface profile during
the printing process has been successful using various
vision systems, such as laser and structured light-based
techniques.’”*" By implementing the trained model into
monitoring techniques for the printed surface profile, it is
possible to perform in situ monitoring of the surface and
accurately deduce the related properties of the sample. This
integration allows for real-time quality assessment during
the printing process, enhancing efficiency and reducing
the need for post-production testing.

5. Conclusion

An ML approach enables rapid property prediction and
process screening for additively manufactured alloys.
This study introduced ML-Qvision, a CNN-based model
designed to predict the density and tensile properties of
laser-DED Monel K-500 alloy from surface morphology
profiles. The predicted densities showed a strong correlation
with the tested data. In addition to predicting densities and
tensile properties from the whole block surface morphology,
the model achieved comparable prediction performance
by training on single-bead surfaces printed using the
same processing parameters. The study provides evidence
that printed surfaces with clear melt lines and smooth
features correlate with higher density (lower porosity) and
higher UTS, consistent with experimental findings. This
suggests that the ML model accurately identified important
predictive features. The proposed approach paves the
way for using ML-Qvision for quick and robust process
parameter screening from a single-bead print surface and
quality assessment from bulk surfaces. In addition, this
approach demonstrates versatility, making it applicable to
other metal AM techniques and various material systems.
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Dimensional accuracy and surface roughness of
thin-wall geometries in laser powder bed fusion
of 316L stainless steel

Tianyu Zhang'® and Lang Yuan*

Department of Mechanical Engineering, Molinaroli College of Engineering and Computing,
University of South Carolina, Columbia, South Carolina, United States of America

Abstract

Thin-wall geometries produced by laser powder bed fusion combine high
manufacturing efficiency, design flexibility, and cost-effectiveness for specialized
applications. In such features, surface quality directly impacts dimensional accuracy
and functional performance. This study investigates the effects of laser power, scan
path, build orientation, and nominal gap distance on the top- and vertical-surface
roughness, surface features, and dimensional error (DE) of 316L stainless steel thin
walls. Optical microscopy was employed to characterize melt pool morphology and
surface characteristics. Increasing laser power enlarges melt pools, promotes lateral
migration, and induces dross formation on vertical surfaces, raising roughness and
DE. Incorporating a contour scan with an inward offset reduces the scanned area,
limits melt pool migration, and improves dimensional accuracy. Print orientation has
a negligible influence on DE under the tested conditions, while small gaps may close
entirely at high power due to large melt pools and migration. Compared to cubes
fabricated with identical parameters, thin walls exhibit rougher top surfaces at high
power, attributed to reduced track overlap, limited wetting from previous layers, and
powder redistribution near vertical edges, whereas vertical-surface behavior remains
similar. These findings provide practical guidelines for optimizing dimensional
accuracy and surface quality in thin walls through coordinated control of process
parameters and geometry.

Keywords: Additive manufacturing; Thin-wall structures; Surface roughness; Dimensional
accuracy; Melt pool migration

1. Introduction

Laser powder bed fusion (LPBF) has emerged as one of the leading metal additive
manufacturing processes, due to its geometric flexibility and ability to deliver
high-performance components.'* It is particularly advantageous for fabricating
unique thin-wall structures commonly used in industrial applications, such as turbines
and heat exchangers, to achieve optimal performance.*® In such features, side-wall
surface roughness and topography critically affect the dimensional accuracy, such as
the intervening feature distances’ and functional and structural performance.'*'* For
example, uneven surfaces increase the contact area between the fluid and the thin-
wall structures, thereby influencing heat transfer efficiency in heat exchangers.”*"
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Likewise, irregular channel morphologies modify fluid
resistance and permeability, affecting performance in
applications such as turbines and nozzles.'*"”

Prior research has shown that surface features
and roughness are strongly governed by fabrication
parameters.’*2° Feng et al.?! investigated the evolution of
surface features in overhang regions of 17-4 precipitation
hardening stainless steel. They reported that the dominant
downward surface features transitioned from powder
adhesion to powder clusters, warped deformation, and
dross formation as the overhang angle increased. A similar
progression was observed by Zhang and Yuan,” where
the domination feature shifted from bare melt tracks with
partially melted particles to pronounced dross as energy
density increased. In related parametric studies, Klingaa
et al.®* revealed that surface roughness and its variation
decrease with the increasing orientation angle due to a
reduction of sintered particles on the surfaces. Beyond
orientation angles, Gockel et al.*® investigated the effect of
contour power and speed on vertical surface roughness in
alloy 718 pillar samples, finding that higher scan speeds
promote melt pool instability and balling, thereby elevating
roughness. With a further understanding of contour-hatch
interactions, Patel et al.® demonstrated that contour and
hatch parameters have a comparable impact on side-skin
quality in Ti-6Al-4V cylinders through attached particles,
spatter, and balling.

To deepen the understanding of the factors influencing
dimensional accuracy and surface roughness in thin-wall
geometries, previous work has examined pulsed-laser
operation, geometric design, alloy composition, and
scan strategy. For example, Mumtaz and Hopkinson?
investigated the use of pulsed lasers on Inconel 625 in LPBE.
They revealed that a ramp-down pulsed laser improved the
top surface quality but negatively impacted the vertical
surfaces due to decreased viscosity and prolonged melting
times. In contrast, a suppressed pulsed mode lowers energy
input, reduces satellite formation, and improves vertical
surfaces. Jamshidinia and Kovacevic® reported an inverse
relationship between inter-wall gaps and roughness in
electron-beam-melted thin plates, attributing higher
roughness at small gaps to heat accumulation. Furthermore,
surface roughness increased with the thickness of the
powder layer between the walls. Examining three alloys,
Wu et al® demonstrated that thin-wall thickness is
alloy-dependent, governed by thermophysical properties,
material shrinkage, and inclination angles. Through in situ
X-ray imaging of multilayer single-track melt pools, Bhatt
et al® observed that bi-directional multilayer scanning
can lead to defects such as lapping and humping, which
increase surface roughness.

Although the influence of processing parameters
such as power and speed on vertical surface roughness
in bulk geometries (e.g., cubes) has been thoroughly
investigated, the relationship between surface roughness
and dimensional accuracy in thin walls, representing a
distinct class of additive manufacturing-preferred features,
remains underexplored.” Key engineering aspects,
including different scanning paths, orientations, and the
coupled relationships among wall thickness, inter-wall gap,
and dimensional error (DE), have yet to be systematically
investigated. This study addresses these gaps by examining
how LPBF process conditions affect vertical surface
roughness and dimensional accuracy in thin walls and
their intervening gaps. The underlying surface features and
their formation mechanisms are analyzed to identify the
root causes of surface roughness and their implications for
dimensional accuracy. Furthermore, while cubic samples
are often used for process parameters development,
this work further compares melt pool morphology and
surface quality between thin-wall and cubic geometries
under identical laser parameters, providing insights into
optimizing process parameters specifically for thin-wall
structures.

2. Methodology

Thin-wall specimens were designed with nominal
dimensions of 0.20 mm thickness, 3 mm height (height-
to-thickness ratio of 15 to 1), and 10 mm length. Each
build group consisted of three thin walls, producing two
intervening gaps of equal nominal width. All thin walls
were supported on a common base, as shown in Figure 1.

Gas-atomized 316L stainless steel powder (Carpenter
Technology, Germany) was used as the feedstock. The
chemical composition is presented in Table 1. The particle
size distribution ranges from 15 to 45 um, with an
average particle size of 30 um. Figure 2 shows the powder
morphology, emphasizing the sphericity of the powder.

Based on previous studies,’* an unstable cross-
sectional ellipse-shaped melt pool transforms into a
stable half-ellipse melt pool as the laser power increases
from 260 W to 620 W, at a constant laser scanning speed
of 1,466.6 mm/s in cube samples. Consequently, the top
surface quality improved with increasing power due to
the elimination of melt pool instability and discontinuity.
To investigate the impact of the melt pool morphology
on surface quality in thin walls, the same scan speed
(1,466.6 mm/s) was used with three power settings: 260 W,
440 W, and 620 W. For each power, three groups of thin
walls were fabricated under identical parameters within
each group, shown in Figures 1 and 3. To evaluate the effect
of gap distance on dimensional accuracy, three nominal
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Table 1. The nominal chemical composition (wt.%) of stainless steel 316L

Element Iron Nickel Chromium Oxygen Silicon Sulfur Phosphorus Nitrogen Carbon Molybdenum Manganese Copper

Wt%  Balance 127 17.7 003 062 001 0.01 0.10 0.02 2.36 0.65 0.02
260 W 440 W 620 W 800
600 [} n |}
3
7]
3
-] L] L] L]
5 400 -
7]
<
—
] ] u
200 4
T T T
Base 1 mm 200 400 600
E=——

Figure 1. The thin-wall geometry design. Scale bar: 1 mm.

Figure 2. The powder morphology through scanning electron microscopy
of 316L stainless steel. Scale bar: 100 pm; magnification: 1000x.

inter-wall gaps were designed, namely, 0.2 mm, 0.4 mm,
and 0.6 mm (Figure 3).

As contour scans have been generally applied to control
the surface roughness, two scan paths were employed,
one with and one without contours. As illustrated in
Figure 4A, in Scan Path 1, only hatch scans were utilized,
where the hatch scans (red lines) extend to the geometry
boundary. In Scan Path 2, the hatch scans offset inward
by 50 um, followed by a contour scan along the boundary
using the same power and speed. In both scan paths,
successive layers were rotated by 90°. Two orthogonal
build orientations relative to the gas-flow/recoating

Thin-wall gap distance (um)

Figure 3. Experimental parametric design

direction were also tested: Parallel and perpendicular, as
shown in Figure 4B.

Sample names followed the format P*_G*_S*_R, where
P is power (W), G is gap distance (um), S is scanning path,
and R denotes perpendicular orientation to gas flow (e.g.,
P260_G200_S1_R indicates 260 W, Scan Path 1, 200 um
gap, and perpendicular orientation).

All builds were produced on an AconityMIDI LPBF
system (United States) equipped with a single-mode
fiber laser (maximum power 1,000 W). The laser spot
diameter and hatch spacing were fixed at 100 pm, with a
layer thickness of 30 um. Laser scans were conducted with
skywriting to minimize the impact of laser acceleration and
deceleration.” During the printing, an argon atmosphere
with oxygen levels below 100 ppm was maintained.
Each condition was printed in duplicates to validate
repeatability. All specimens were fabricated at ambient
room temperature.

To assess the melt pool behavior on the thin-wall
samples, top-down optical images were captured using
the Keyence VHX 5000 digital optical microscope (Japan).
An example is shown in Figure 5A. The samples were then
sectioned perpendicular to the top layer track direction,
followed by potting, polishing, and etching using a
solution of 75 vol% hydrochloric acid and 25 vol% nitric
acid for 15 s. Images were then acquired, offering a detailed
depiction of the surface features of the thin-wall geometry,
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Figure 5. Characterization of thin-wall structures. (A) The topography of thin walls from the top-down view, (B) cross-sections, (C) the binarized image of
(B), and (D) the continuous distribution map of average grey value along the x-axis based on (C). Scale bar: 200 um; magnification: 500x.

as shown in Figure 5B. The images were then binarized to
distinguish thin-wall and gap regions, as exemplified in
Figure 5C. An average continuous grey value distribution
along the x-axis was calculated and shown in Figure 5D.
The average wall thickness or gap distance was measured
from the average grey value 128 (half of the highest value
256). Multiple measurements were taken to account for
measurement error with the standard deviation, as marked
in Figure 5D. In addition to the dimensional measurements,
surface roughness of vertical surfaces, quantified by Ra
(arithmetic mean deviation of the roughness profile from
the mean line), was calculated from the side-wall profile
outlines, as expressed in Equation I:

Ra= %_(').|x(y)|dy D

where L means the nominal length of the outline, and
x(y) denotes the local deviation of the surface from the
mean profile position along the vertical (Y) direction. For
example, to calculate the Ra of the vertical line highlighted
in Figure 5C, the x-coordinate of the outline of the surface
was obtained directly from the binarized cross-sectional
image. Then, x(y) was calculated by subtracting the mean
values of all x values from the local x-coordinate. For each
process condition, the Ra values for six surface outlines
were calculated, and the mean value and its standard
deviation are reported. Note that the top-surface Ra was
not quantified in this study due to the inherent strong
stochastic variations caused by local melt pool instability
under thin-wall conditions.

For comparison, 10 x 10 x 10 mm?’ cube samples were
printed using the same laser parameters with a hatch
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spacing of 100 um and a hatch-contour offset of 50 wm
(Scan Path 2) and characterized identically to thin walls.

3. Result and discussion

DE, defined by the difference between the measured
and the nominal dimensions, is utilized to reflect the
dimensional accuracy. For example, the thin-wall DE
equals the measured wall thickness minus the constant
design wall thickness, and the intervening gap DE is
calculated by the measured gap distance minus the
nominal gap distance (e.g., 200, 400, or 600 um). In
this study, DE analysis was limited to wall thickness
and inter-wall gaps, as these directly govern functional
accuracy. DE values associated with wall height, which
is primarily dictated by top-surface variations and layer
count, were not considered. Given the large height-to-
thickness ratio (>15) in this study, fluctuations in wall
height are negligible compared with errors in vertical wall
thickness and gap dimensions. Figure 6 summarizes the
DE of printed thin walls and the intervening gaps across
all build conditions. The interpretation of the results
is discussed in detail, regarding the effects of power,
scanning path, sample orientation, and gap distance.
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3.1. Role of laser power on surface roughness and
dimensional accuracy

As shown in Figure 6, thin-wall DE generally increases
with laser power, while gap DE decreases proportionally,
reflecting the increase in thin-wall thickness. As the
laser power increased, the cross-sectional melt pool
morphology transformed from a small ellipse shape to a
larger half-ellipse shape with a larger overlapping region of
surrounding melt pools. To examine the details, Figure 7
depicts the melt pool morphology and surface features
under G600_S2 conditions. Meanwhile, the melt pool areas
(calculated by the pixel size in each figure and decided by
the melt pool width and depth) and the vertical surface
Ra are presented in Table 2. The average melt pool area
increased significantly from 3,842 um? to 9,662 um? as the

Table 2. Melt pool area and surface roughness of vertical
surface for G200_S2 thin walls

Thin walls Melt pool area (um?) Ra (um)
P260_G200_S2 3,842+1,452 13.94+0.79
P440_G200_S2 6,399+996 19.32+0.36
P620_G200_S2 9,662+2,481 21.35+4.43
B 400
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Figure 6. The DE as a function of the laser power. (A) Thin-wall DE for samples printed parallel to the gas flow, (B) thin-wall DE perpendicular to the gas
flow, (C) DE of intervening gaps for samples printed parallel to the gas flow, and (D) DE of intervening gaps perpendicular to the gas flow.

Abbreviation: DE: Dimensional error.
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P440_G600_S2

.{

P260_G600_S2

P620_G600_S2

Figure 7. Thin-wall cross-sections (A-C) and topography for top surfaces (D-F) under group G600_S2 (the dashed line indicates the nominal geometry).
(A and D) P260_G600_S2, (b and e) P440_G600_S2, (C and F) P620_G600_S2. Scale bar: 500 im; magnification: 500x. The top row shows a zoomed-in

view of the middle wall in each group. Scale bar: 100 um; magnification: 1000x.

laser power increased from 260 W to 620 W. The increase
in the melt pool size under higher laser power directly led
to an increase in thin-wall thickness.

Higher power also alters vertical surface morphology.
Enlarged melt pools promoted instability and spherical
protrusion formation, increasing Ra from 13.94 um to
21.35 um. With low laser power at 260 W, a stable melt
pool led to a better surface finish, where the melt tracks
and partially attached particles dominated the side
surface features (Figure 7A). As the power increases,
the surface roughness worsens. Protrusions, as seen
in Figure 7B and C, are typically referred to as the
dross.**** They dominate the side surface quality at 620 W
conditions. The formation of dross is attributed to the
asymmetric heat dissipation near the surface region. Since
powder between walls impedes heat dissipation, it resulted
in an asymmetric and large melt pool.* As the powder is
absorbed by the melts and the physical support from the
powder base diminishes, the enlarged melt pool migrates
toward it, promoting the formation of dross.”” As observed
in Figure 7C, dross protruded beyond the intended thin-
wall geometry, further supporting that the melt pool
migration is responsible for its formation and the resultant
rough surfaces. Consequently, average wall thickness rose
from 304.3 um to 422.9 um (DE = 104.3 um to 222.9 um)
between 260 W and 620 W.

3.2. Role of scan path

As shown in Figure 6A and B, thin-wall DEs manufactured
without contour scanning (Scan Path 1, solid lines, ranging

from 165.6 um to 347.8 um) consistently surpassed those
produced with a 50 um offset distance contour (Scan
Path 2, dashed lines, ranging from 91.9 um to 199.7 um).
Consequently, the gap DE without contour was constantly
lower (solid lines in Figure 6C and D). As an example, with
a fixed gap distance of 400 um, the samples with Scan Path
1 (Figure 8A-C) have thicker walls than those under the
Scan Path 2 (Figure 8D-F). The application of an inner
offset, as shown in (Figure 4A) Scan Path 2 (52), minimizes
the scanning region and naturally compensates for the
geometry expansion (melt pool extents out of the laser
scanning paths). Larger overlaps with the inner hatches
also restrict the melt pool migration, leading to less dross
formation and better dimensional accuracy in the final
products. In addition, the increase in thin-wall DE with
rising laser power is evident in Figure 8. With and without
contour scans, a more stable melt pool under low power
conditions is preferred to minimize the expansion beyond
the nominal geometry (Figure 8A and D). In contrast,
higher power produces larger melt pools that not only
increase wall thickness but also promote dross formation,
thereby degrading surface quality (Figure 8C and D).

Such observation strongly indicates that the application
of an inner offset can enhance printing precision in thin-
wall geometries. Without or with a low offset distance,
the melt pool naturally increases the thin-wall thickness.
In contrast, an excessive offset distance may lead to a lack
of fusion between contour and hatch scans, which could
compromise the mechanical properties of the product.
The optimal contour offset is therefore strongly dependent
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Figure 8. (A-F) Cross-section views of thin walls under different process conditions and scan paths. Scale bar: 500 pm; magnification: 500x.

on laser parameters. To balance vertical surface quality
and fusion integrity, a relatively low energy density that is
achieved through reduced power or increased scan speed
should be used to suppress dross formation. Meanwhile,
the offset distance should not exceed the combined melt
pool widths of contour and hatch scans. For example,
when using a low-power contour followed by low-power
hatching, a smaller offset is recommended to avoid lack-
of-fusion defects. In contrast, higher hatch energy density
(e.g., high power) warrants both increased offset and
contour power to mitigate dross formation from the hatch
scans.

3.3.The impact of print orientation

Figure 6A and B show the thin-wall DEs printed in two
orientations, both exhibiting a consistent increasing
trend with laser power and a close proximity in the
values of each data point across both orientations.
A similar pattern is also observed in Figures 6C and D
for gap DEs. The differences in thin-wall DEs between
orientations are quantified in Figure 9A, which compares
corresponding data points from Figure 6A and B. Across
all gap sizes (black square = 200 um, red dot = 400 um,
blue triangle = 600 wm) and both scan paths (solid and
dashed lines), DE differences exhibited both negative and
positive values and ranged from -33.2 um to +33.2 um.
The maximal relative error was also < 9.5% of the overall
thin-wall DE range (91.9-347.8 um in Figure 6), including
the measurement errors and process instabilities. This
suggests that print orientation has only a limited influence
on the dimensional accuracy of both thin walls and gaps.

To further validate the significance of print orientation
statistically, a three-way analysis of variance was conducted
on the DE data based on Scan Path 1 (data shown in Figure 6),
with laser power (three levels), gap distance (three levels),
and printing orientation (two levels) as factors. The results
are summarized in Table 3. Both laser power (p<0.0001)
and scan path (p=0.0053) were found to be statistically
significant contributors to DE (the underlying mechanisms
are discussed in Sections 3.1 and 3.3), while print orientation
is not significant (p=0.5841). These findings quantitatively
confirm the experimental observation that orientation
effects are negligible in this study.

Both the magnitude and variability (error bars) of DEs
increased with higher laser power for both thin walls and
gaps, as shown in Figure 9A and B. This increase is likely
due to greater melt pool instability at elevated power levels.
Figure 10 presents cross-sectional views of thin walls
fabricated with the two print orientations without contour
scanning. Within each column of Figure 10, comparable
dimensional accuracies and geometrical features are
observed, with differences of < 4% between orientations,
aligning with the trends in Figure 9. For example, at 260
W conditions, the surfaces are dominated by the melt
track mitigations (Figure 10A and D). As the laser power
increased, the wall gaps diminished, with voids randomly
distributed between walls (Figure 10C and D). Although
previous studies have reported that the slider recoating
direction impacts the powder size distribution,*®* the
results in this study suggest that both recoating direction
and gas flow direction exert limited influence on the final
geometric accuracy of thin walls and intervening gaps.
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P260_ G400 S
Thin-wallDE: 172.8 + 5.4 ym

e m e —aay

r
1
1
1
1
»
)
1
|
1
|
|
1
1
1

L
1

1

1

1

1

1

1

1

1
1
o,
1
LR

L=}

P260_G400_R S1
Thin-wall DE: 179.6 £ 3.5 pm

P440_G400_R S1
Thin-wall DE: 260.1 + 5.4 pm

t-

,-if;ﬁ-:—-'--——-,.<

e s

3"("‘5“‘%-\.’} :

————— e

t

(BEEE |
P620_G400_S1
Thin-wall DE: 294.1 + 18.3 um

P620_G400_R_S1 500 ym
Thin-wall DE: 297.1 + 12.6 pm

Figure 10. (A-D) Optical images of samples from cross-section view with print orientations parallel or perpendicular to the gas flow direction.

Scale bar: 500 pm; magnification: 500x.
Abbreviation: DE: Dimensional error.

Table 3. Three-way analysis of variance for dimensional error

Source Sum of squares Degrees of freedom Mean square F p (Prob>F)
Laser power 37,085.5 2 18,542.8 28.98 <0.0001
Gap distance 10,718.5 2 5,359.3 8.38 0.0053
Orientation 202.5 1 202.5 0.32 0.5841

3.4. The impact of gap distance

Three nominal gap distances (0.2 mm, 0.4 mm, and
0.6 mm) were examined to assess their influence on
dimensional accuracy. Figure 11 shows the increase in
melt pool migration as the gap distance widens under

P440_R_S1and P620_R_S1 conditions. At the smallest gap
(0.2 mm in Figure 11A and D), adjacent walls coalesce at
high laser power, restricting inward melt pool expansion.
Under such conditions, the designed gap is eliminated
entirely, representing a functional failure of the part.
As the nominal gap increases, the constraint on melt pool
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Figure 11. (A-F) Cross-sectional view under different nominal gap distances. Scale bar: 500 um; magnification: 500x.

migration decreases, enabling more pronounced lateral
flow and dross formation along the vertical surfaces. This
increased thin-wall DE and slowed gap widening, resulting
in smaller gap DE values (Figure 6C and D).

Given that the absolute values of DE at G200 were lower,
but the gap was closed, Figure 12 presents the relative DEs
for the gaps printed with two different orientations. At
large gaps and high power, for example, P620_G600_R_S1
(Figure 11F), the actual gap was 216.7 wm, corresponding
to an absolute DE of -383.3 wm (-64% relative DE). At
smaller gaps, absolute DE decreased (-200 pm at G200),
but relative DE reached -100% due to wall coalescence. This
highlights that the final actual gap distance is determined by
the extent of melt pool migration (especially at high power
conditions) and the nominal gap distance, suggesting that
a suitable design tolerance should be considered based on
print conditions. To further provide general guidance, the
final gap distance can be estimated as (Equation II):

D =D-D,, -D (11

offset w
where the D denotes the final gap distance between
thin walls, D, is the nominal gap distance, D, is the
contour offset distance (negative value as inward offset and
positive value for outward offset) or the distances of the
outermost hatch line from the nominal wall boundary if
no contour is applied, and D is the melt pool width of the

contour scan or outermost hatch track.

Under an ideal scenario, when the inward offset equals
the melt pool width, D = D,;, resulting in minimal error.
Note that, at high energy density (e.g., 620 W, 1,466.6 mm/s
in this study), contour scans promote dross formation,

which leads to large variations in surface roughness
(exemplified in Figure 7C). To reduce the gap distance
error and its variability, low energy density conditions
with reduced laser power are recommended (e.g., 260W,
1,466.6 mm/s in Figure 7A). However, when hatch scans
are conducted at high power conditions, low-energy
contour scans may not fully overlap with the hatch tracks.
In such cases, an increased inward offset distance would be
applied to accommodate the extension of the hatch melt
pool beyond the contour track.

While the present work was conducted at a fixed scan
speed, hatch spacing, and layer thickness, the representative
process parameters under different laser power illustrate
three representative regimes of vertical-surface formation:*
(i) Stable melt pools dominated by partially melted
particles, (ii) Highly unstable melt pools where lateral
migration produces dross, and (iii) Intermediate states
between the two. Although the exact roughness values and
wall thickness will vary under different process windows,
the underlying mechanisms by which melt pool behaviors
govern vertical surface quality and accuracy remain
broadly valid. In this context, the guideline to reduce the
DE, such as adopting an appropriate inward contour offset
based on the melt pool behavior, is applicable to different
process conditions.

The data in Figure 12A and B show minimal
differences between orientations, reinforcing the earlier
conclusion that print orientation plays a limited role.
Moreover, the impact of the nominal wall distance on
heat accumulation and melt pool temperature (expansion
and migration) has been found to be limited due to the
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Figure 12. Relative DE of thin-wall structures: (A) gap printed parallel to the gas flow direction, and (B) gap printed perpendicularly to the gas flow

direction
Abbreviation: DE: Dimensional error.

similarity of melt pool dimensions in different nominal
gap distance conditions.

3.5. Surface characteristics in thin walls and cubes

In addition to vertical surfaces, the top-surface
quality and dimensional accuracy are also important
performance metrics, yet are rarely discussed. As seen in
Figures 7, 8, 10, and 11, the 260 W condition produces
insufficient energy input, resulting in disconnected melt
tracks and valley formation that dominate the top surface.
At higher laser powers, such as 440 W and 620 W, large
humps, approximately 200 um in height, form on the top
surface and dominate the top surface feature, as marked
in Figure 7E and E These humps originate from melt pool
migration from previous tracks, which disrupts uniform
powder distribution in the subsequent layers, reduces melt
pool stability for the later tracks, and degrades surface
quality.>*

In contrast to previous studies,’** where higher laser
power improved top-surface finish in cube samples,
the present work observes opposite behavior for thin
walls. To verify these differences, 10 x 10 x 10 mm?® cube
samples were fabricated using identical parameters. As
shown in Figure 13, the larger melt pool and overlapping
region in cube samples reduce the melt pool instability
and smooth the top surface (Ra decreasing from
31.27 um to 12.06 wm) with the laser power increases
(260 W to 620 W). This improvement arises from
enhanced wetting between melt pools and prior layers,
aided by larger contact areas, lower viscosity, and longer
solidification times that promote gravity-driven leveling
and centrifugal Marangoni flow (under low sulfur and
oxygen content in stainless steel*). In addition, repeated
remelting from subsequent high-power scans further
smooth the surface by eliminating the top surface

Top surface

- 5
260 W 1,466.7 mm/s
Vertical surface Ra 13.63 + 3.1 ym

3

| 440 W1,466.7 mm/s
S\ | Vertical surface Ra 22.98 + 0.15 ym

| Vertical surface Ra 23.99 + 0.86 um

W2 Top surface Ra 12.06 +2.71 ym 100 pm

Figure 13. The cross-sectional views of the top and vertical surface regions
of the cube samples. (A) 260W 1,466.7 mm/s, (B) 440 W 1,466.7 mm/s,
(C) 620 W 1,466.7 mm/s. Scale bar: 100 wm; magnification: 1000x.

humps. However, these stabilizing and remelting effects
are absent in thin-wall builds. The limited number of
scan tracks amplifies track-to-track interactions and
produces large variations in melt pool dimensions due to
pronounced local geometry changes, which in turn alter
solidification conditions. Melt pool migration, combined
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with possible powder denudation at vertical edges, could
also lead to uneven powder distribution near thin walls,
further disrupting melt pool stability at the top surface
and resulting in a poorer top surface finish, as shown
in Figure 7C and F. Increasing wall thickness promotes
melt pool stabilization as the melt progresses, explaining
why cube samples exhibit improved top surfaces under
higher power while thin walls do not.

For vertical surfaces, however, both cubes and thin
walls exhibited similar trends: Ra increased with laser
power due to dross formation, rising from 13.61 um to
23.99 um in cubes and from 13.94 um to 21.35 um in thin
walls. This similarity suggests that cube samples can serve
as a useful proxy for optimizing vertical-surface quality
and dimensional accuracy in thin-wall manufacturing.
Notably, surface quality and dimensional accuracy are
more critical on vertical surfaces compared to top surfaces
in thin-wall applications.

Overall, achieving better dimensional accuracy in
thin-wall geometries and their intervening gaps requires
careful integration of print conditions and design
parameters. As sufficient energy for hatch scans must be
maintained to achieve fully dense walls, an appropriate
hatch-contour offset can minimize thin-wall DE. To
achieve a desired intervening gap dimension, the melt
pool expansion and migration need to be accommodated
with the designed contour offset distance, particularly in
high-power contour scans. This is especially important
when rougher surface quality is acceptable or preferred
for specific applications.

4, Conclusion

This study systematically examined the effects of laser
power, scanning paths, print orientation, and nominal
gap distance on surface quality and dimensional
accuracy in thin-wall structures of 316L stainless steel
in LPBE. Dominant surface characteristics and their
formation mechanisms were identified for both top and
vertical surfaces and direct comparisons were made
with cube geometries fabricated under identical process
conditions.

Higher power and larger scanned areas increased
vertical surface roughness and DE due to melt pool
migration and dross formation. Dross protrusions at
wall edges provided direct evidence of lateral melt pool
movement along vertical surfaces. In addition, applying a
modest inward hatch offset with a contour scan reduced
melt pool migration, suppressed dross formation, and
improved dimensional accuracy. Offsets that are too small
permit overbuilding, while excessive offsets risk lack-of-

fusion defects; optimal values should reflect laser energy
density and melt pool width.

Orientation relative to the gas-flow/recoating
direction had a negligible influence on dimensional
accuracy or surface quality under the tested conditions.
The actual gap size was jointly determined by melt pool
migration and the nominal design. Small gaps may
close entirely under high-power conditions, while larger
gaps remain open but are reduced by lateral melt flow.
Appropriate design tolerances are essential, especially
for high-energy scans.

In high-power conditions, cube samples exhibited
smoother top surfaces than thin walls due to improved
melt pool wetting, larger overlap, and repeated remelting.
Thin walls lack these stabilizing effects due to denudation
and powder redistribution near vertical edges, leading to
reduced top-surface quality. Vertical surface roughness
trends, however, were similar in both geometries,
making cubes a suitable proxy for optimizing side-wall
conditions.

These results clarify the interplay between
processing parameters, geometry, and feature spacing
in determining surface roughness and dimensional
accuracy in thin-wall LPBE. They provide a framework
for localized process control, enabling geometry-specific
optimization of surface quality and dimensional accuracy
to meet functional requirements in complex additive
manufacturing components.
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Abstract

There is growing interest in applying 3D printing technologies to environmental
restoration, particularly for fabricating bio-inspired artificial reefs and printing coral
skeletons to attract fish and support coral growth and survival. More recently, tissue
engineering and 3D bioprinting strategies have been employed to develop biomimetic
biomaterials that more closely replicate the natural coral microenvironment, including
the incorporation of coral symbionts, to aid restoration efforts. In this study, we
investigate the use of diverse ultrashort peptide- and biofunctionalized peptide-based
bioinks to support bail-out polyp re-settlement and subsequent micropropagation.
Among the 13 bioinks examined, eight demonstrated polyp biocompatibility
and stability under seawater conditions. We focused on two Scleractinia species,
Stylophora pistillata and Pocillopora verrucosa, and optimized a culture strategy for
microencapsulated bail-out polyps following re-settlement, comparing a single-entity
versus clustered-entity approach. These advancements lay the groundwork for polyp
transplantation using biomimetic biomaterials. The top-performing bioinks were
selected based on bioink underwater stability, polyp biocompatibility, and suitability
for 3D bioprinting of polyps onto coral skeletons. This led to the development of
a coral-inspired, polyp-containing bio-skin graft designed to promote coral tissue
regeneration. Here, we report the first results demonstrating the use of bioinks for coral
polyp microencapsulation and 3D bioprinting with ultrashort peptide-based bioinks
to support coral regeneration and transplantation on coral skeletons.

Keywords: 3D bioprinting; Artificial coral tissue; Ultrashort peptide bioinks;
Biofunctionalized bioinks; Coral polyp microencapsulation; Coral polyp transplantation;
Polyp bail-out
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1. Introduction

Corals are crucial organisms within coral reefs, which are
among the most biodiverse marine ecosystems, despite
covering only about 1% of the ocean floor. The presence
and health of corals are key indicators of ecosystem
resilience or vulnerability. However, climate change
and anthropogenic pressures, such as rising sea surface
temperatures and the metabolic costs of growth, place
corals at substantial risk. This vulnerability also endangers
many associated species. During heat waves and ocean
acidification events, corals often expel their symbiotic
microalgae, causing coral bleaching. Therefore, there is an
urgent need to strengthen coral resilience through both
conventional restoration practices and the development of
innovative biotechnological approaches.

Corals maintain a symbiotic relationship with
zooxanthellae, symbiotic microalgae residing within
their tissues, which are responsible for the corals
vivid pigmentation. Through photosynthesis and the
metabolism of nitrates and phosphates, these algae provide
essential nutrients to their coral hosts. However, corals are
highly sensitive to environmental fluctuations, especially
abrupt temperature increases. During a heat wave, when
water temperatures rise and remain elevated for prolonged
periods, this relationship is disrupted, leading to a
reduction in the symbiotic microalgae population (coral
bleaching). As a result, the coral loses its color, exposing
its whitish calcium carbonate skeleton. At this stage, the
coral becomes vulnerable to starvation and diseases. While
recovery is possible if conditions improve, prolonged stress
often leads to mortality. In addition, research has shown
that a single coral colony can host multiple species of
microalgae.'?

The term “polyp bail-out” refers to the detachment
of individual polyps from a coral as a response to
environmental stress and as a form of asexual reproduction
in certain species, such as reef-building (scleractinian)
corals.** Recently, the bail-out has been used as a model
system in coral biology, with single-detached polyps
utilized in applications such as the development of
polyp-on-chip microfluidic devices for polyp culture and
development.*” The bail-out process has been previously
described in the literature.® One method of inducing
bail-out is changing osmolarity to stress the coral, which
results in the detachment of individual polyps from the
underlying coral skeleton. After bail-out, polyps disperse,
settle in new locations, and initiate skeletogenesis and
calcification.”* However, successful re-settlement remains
challenging, as only a small proportion of polyps reattach,
and many show no signs of settlement even 3 months after

bail-out.* In addition, the viability of polyps post-bail-out
varies depending on the coral species and experimental
conditions.>®

The amphiphilic self-assembling peptides used in
this study are compounds with both hydrophobic and
hydrophilic regions. These peptides assemble into fibers and
subsequently into 3D fibrous supramolecular structures in
the form of hydrogels via non-covalent interactions. When
ionic solutions such as phosphate-buffered saline (PBS)
are added to aqueous peptide solutions, fiber formation
is accelerated, reducing gelation times to minutes or even
seconds, depending on the specific peptide sequence and
concentration. For example, peptide-based bioinks B1-B3,
employed in the present study and previously reported in
other research, gelate within 1-3 min when dissolved in
water at a concentration of 10 mg/mL and subsequently
mixed with 10x PBS.° Thus, gelation time is strongly
dependent on peptide concentration. These properties
emphasize amphiphilic peptides as ideal bioink materials for
extrusion-based 3D bioprinting, allowing for instantaneous
layer-by-layer printing of cell-laden constructs.

Furthermore, the attachment of bioactive cellular motifs
to ultrashort peptide compounds yields biofunctionalized
peptides with enhanced functionality, which can induce
cellular responses such as cell adhesion, proliferation,
and differentiation. However, these biofunctionalized
peptides often exhibit reduced or inhibited self-assembling
capabilities. To overcome this limitation, strictly defined
ratios of biofunctionalized peptides can be mixed with
ultrashort self-assembling peptides, thereby enabling
nanofiber and hydrogel formation. This approach results
in functional scaffold microenvironments suitable for cell
culture and 3D bioprinting applications.

The technique of 3D bioprinting is expected to play
a crucial role in future coral reef restoration efforts.”?
This technology has already been widely applied in
biomanufacturinghuman cell-ladenorgansandtissues,such
as skin and cartilage, as well as in the microencapsulation
of microalgae-based structures."''* More recently, the
integration of 3D bioprinting, bioinks, and biomaterials
has been explored for coral restoration.’>' Advancements
include the 3D printing of microalgal structures using
silk/hydroxypropyl = methylcellulose ink  mixtures,
coral propagation through additive manufacturing,
the development of bacteria-based materials for coral
restoration, bioprinting symbionts to create coral-like
skeletons, and the fabrication of microenvironments
resembling natural corals, among other applications.'>'*'7-2!
Furthermore, biomaterials have been engineered with
antioxidants to mitigate coral bleaching and promote coral
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cell adhesion.”” Therefore, developing next-generation
bioinks and biomaterials incorporating symbiotic
microorganisms through biofabrication could significantly
enhance ongoing coral restoration efforts. Future research
may focus on employing 3D bioprinting and bioinks to
accelerate coral tissue regeneration in situ.

In the current research, we combined ultrashort
peptide-based bioinks, 3D bioprinting, and bail-out
polyps to create a coral-inspired bio-skin biomaterial for
coral tissue regeneration. Polyps were microencapsulated
in 3D scaffolds using various biocompatible bioinks, and
their potential for sustaining bail-out polyps and enabling
micropropagation was assessed. Two species of bail-out
polyps, Stylophora pistillata and Pocillopora verrucosa,
were microencapsulated, and two culture methods were
explored: individual units and clustered entities. Eight
out of 13 investigated bioinks (Table 1) facilitated polyp
re-settlement and supported micropropagation. Polyps
cultured as clustered entities formed interconnections,
retained their green and red fluorescence, and produced
surrounding tissue, all indicative of micropropagation. The
viscoelastic properties of the most effective bioinks were
subsequently evaluated under seawater conditions to assess
their suitability for field applications. After identifying the
top-performing bioink in terms of underwater stability
and polyp biocompatibility, we optimized a robotic-
assisted extrusion-based 3D bioprinting system to create
a structurally stable coral bio-skin that supported viable
polyps for up to 10 days.

2. Materials and methods
2.1. Peptide synthesis

Thirteen  individual  ultrashort  peptides  and
biofunctionalized peptide derivatives were synthesized to
develop bioinks (Table 1). All synthesized peptides were
N-terminally acetylated (Ac-peptide) and C-terminally
amidated (peptide-NH,) to prevent the influence of
terminal charges (Ac-peptide-NH,). The synthesized
peptide sequences were as follows: Ac-Ile-Cha-Cha-
Lys-NH, (IZZK), Ac-lle-Ile-Cha-Lys-NH, (I1ZK), Ac-Ile-
Ile-Phe-Lys-NH, (IIFK), Ac-Phe-Phe-Ile-Lys-NH, (FFIK),
Ac-Phe-Ile-Ile-Lys-NH, (FIIK), Ac-Leu-Ile-Val-Ala-Gly-
Lys-NH, (LIVAGK), Ac-Ile-Val-Cha-Lys-NH, (IVZK),
Ac-Ile-Val-Phe-Lys-NH, (IVFK), Ac-Ile-Ile-Cha-Lys-
Gly-Gly-Gly-Arg-Gly-Asp-Ser-NH,  (IIZKGGGRGDS),
Ac-Ile-Ile-Cha-Lys-Gly-Gly-Gly-Phe-Hyp-Gly-Glu-
Arg-NH, (IIZKGGGFOGER), Ac-lle-Ile-Phe-Lys-Gly-
Gly-Gly-Tyr-Ile-Gly-Ser-Arg-NH, (ITFKGGGYIGSR),
Ac-Ile-Ile-Phe-Lys-Gly-Gly-Gly-Arg-Gly-Asp-Ser-NH,
(ITFKGGGRGDS), and Ac-lle-Cha-Cha-Glu-NH, (IZZE).

Peptides were synthesized using solid-phase peptide
synthesis on a CS136X synthesizer (CSBIO, US). After
synthesis, peptides were cleaved from the resin using a
mixture of 95% trifluoroacetic acid, 2.5% triisopropylsilane,
and 2.5% water at room temperature for 2 h. Precipitation
was initiated by adding cold diethyl ether to the peptide
solution, which was then kept overnight at 4°C. The
precipitated peptides were collected by centrifugation and
subsequently purified by reverse-phase high-performance

Table 1. Bioink scaffold formulations and stability under seawater conditions

Bioink Peptide Peptide Mixing  Total final  Assembled  Stability ~Remarks after 30 days in seawater

sequence 1 sequence ratio  concentration under under

2 (mg/ml) seawater seawater
conditions? conditions
(days)

Bl 1IZK NA NA 10 Yes >30 100% of samples remained stable
B2 1ZZK NA NA Yes >30 100% of samples remained stable
B3 IIFK NA NA Yes >30 100% of samples remained stable
B4 FFIK NA NA Yes <14 100% of samples dissolved
B5 FIIK NA NA Yes >30 75% of samples remained stable; partial dissolution observed
B6 LIVAGK NA NA Yes <24 100% of samples dissolved
B7 IVZK NA NA Yes >30 75% of samples remained stable; partial dissolution observed
B8 IVFK NA NA Yes >30 75% of samples remained stable; partial dissolution observed
B9 IIZKGGGRGDS 1IZK 1:1 Yes >30 75% of samples remained stable; partial dissolution observed
B10 IIZKGGGFOGER IIZK 1:1 Yes >30 50% of samples remained stable
Bl1l IIFKGGGYIGSR  IIFK 2:1 Yes >30 75% of samples remained stable; partial dissolution observed
B12 IIFKGGGRGDS  IIFK 2:1 Yes >30 25% of samples remained stable
B13 1ZZE NA NA No 0 100% of samples dissolved
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liquid chromatography on a C-18 column (2-98%
acetonitrile over 15 min) at a flow rate of 20 mL/min,
achieving yields of over 60%. Peptides were stored in
sealed Falcon containers at —80°C, and peptide aliquots
were prepared for experiments. Chemical structures were
verified through mass spectrometry.

2.2. Bioink scaffold formation

The ultrashort peptides exhibited self-assembling scaffold
capabilities even in the presence of water. Peptide solutions
were prepared by dissolving the selected ultrashort
peptide powder in 900 uL of ultrapure cell culture-grade
water. In contrast, biofunctionalized peptides lacked self-
assembling capability and were therefore mixed with
ultrashort peptide powder before dissolution. The mixed
peptide powders were weighed and dissolved in 900 pL of
ultrapure, cell culture-grade water, as described in Table 1.
Hydrogel scaffold formation was accelerated by adding
PBS at a 1:10 ratio (PBS to peptide solution).

2.3. Polyp bail-out

The coral species S. pistillata and P. verrucosa were obtained
from the Al Fahal reef (22.305118 N; 38.964568 E). Small
fragments (1 cm long) were collected and used for polyp
extraction through the high-salinity seawater method. The
fragments were placed in a container with 3 L of isosmotic
seawater connected to a peristaltic pump. High-salinity
seawater was then introduced into the container at a flow
rate of 126 mL/h for 24 h. This high-salinity seawater was
prepared by adding sodium chloride to 3 L of Red Sea
water (40 PSU) until a total salinity of 74 PSU was reached.
The resulting osmotic stress caused the detachment
of individual polyps. Further details on the bail-out
methodology can be found in the literature.>

2.4. Polyp microencapsulation and 3D bioprinting

Peptides and peptide mixtures were prepared at a
concentration of 10 mg/mL (w/v) using a 1:10 ratio, as
shown in Table 1. Each peptide solution was prepared
by dissolving the weighted peptide powder in 900 pL of
ultrapure cell culture-grade water. Hydrogel biomaterials
were then generated by carefully placing either a single
polyp or a cluster of five nearby polyps (not in direct
contact) into a 96-well plate containing 135 pL of
peptide solution. Immediately after adding the polyp(s),
15 uL of PBS was introduced into each well to initiate
microencapsulation. Filtered seawater (FSW; using a 20 um
filter) was subsequently added until the biomaterials were
completely submerged. The hydrogels were maintained on
a magnetic stirrer with temperature control (IKA® RCT
basic, IKA-Werke GmbH & Co. KG, Germany) at 27°C
under aquarium lights (Radion XR15 G5 Blue, controlled

by the Mobius app including the acclimation feature
software, EcoTech Marine, US) with a 12 h light-dark cycle
at 50% light intensity.

2.5. Polyp culture

The hydrogel biomaterials were cultured under semi-
batch conditions, with FSW replaced every 2 days.
A thermometer was used throughout the experiment to
monitor and prevent overheating of the system.

2.6. Viscoelastic characterization

Hydrogels were prepared by mixing 135 uL of peptide
solution with 15 uL of PBS inside a 9 mm internal-diameter
glass ring. FSW was then added until the hydrogels were
tully covered. After 12 h, the glass rings were removed, and
the samples were monitored for 30 days. The viscoelastic
properties of the peptide hydrogels - including stiffness,
viscosity, and thixotropy — were analyzed using an Ares-G2
Rheometer (TA Instruments, US) equipped with an
advanced Peltier system (Waters, TA Instruments, APS,
US). Stiffness was measured using an 8 mm parallel plate
with a 1.5 mm gap between the upper and lower plates.
Three consecutive tests were performed:
e Time-sweep: 5 min at an angular frequency of 1 rad/s
and a strain of 0.1%.
e  Frequency-sweep: 0.1-100 rad/s at 0.1% strain.
e Amplitude-sweep: strain gradually increased from
0.01% to 100% at 1 rad/s.

Oscillation strain curve data were interpolated using
the trace interpolation tool in Origin Pro (version 2022b,
OriginLab Corporation, US). Thixotropic properties
were measured at an angular frequency of 1 rad/s and a
sampling rate of 1 point/s. An initial strain of 0.1% was
applied for 5 min, after which the hydrogel was exposed
to 11 oscillation cycles alternating between 100% (1 min)
and 0.1% strain (10 min). The total test duration was 3,600
s per sample. Stability studies consisted of monitoring the
samples relative to their initial state.

2.7.Phase-contrast microscopy

Polyp hydrogel biomaterials were analyzed using a Leica
DMI3000 Binverted microscope equipped witha6-position
M25 objective turret (Leica Camera AG, Germany).
Mlumination was provided by a 12 V/100 W halogen
lamp with a manual field diaphragm. The microscope was
operated in phase-contrast mode. Images were processed
and analyzed using Image] software (version 1.54p; imagej.
net) to evaluate the micropropagated tissue.

2.8. Epifluorescence microscopy

Biomaterials  were
epifluorescence

examined using the EVOS
microscope (EVOS  epifluorescence
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microscope, Thermo Fisher Scientific, US). Images were
captured using a 5-position automated objective turret
with a focus mechanism capable of sub-micron resolution
(0.150 um). Epifluorescence microscopy was performed
using the following excitation/emission filter sets: Green
fluorescence (Ex: 470 nm, Em 525 nm) and chlorophyll
(Ex: 585 nm, Em 624 nm). Phase-contrast mode was also
employed. All filters were sourced from Thermo Fisher
Scientific (US). Image analysis of the micropropagated
tissue was performed using Image] software.

2.9, Spectrophotometry

Polyp biomaterials were analyzed using a PHERAstar FS
microplate reader (PHERAstar FS Microplate Reader,
BMG Labtech, Germany). The fluorescence intensity of
each well was measured through bottom scanning using
specific optical modules. Native polyp green fluorescence
was assessed at 485 nm excitation and 520 nm emission,
while symbiotic chlorophyll fluorescence was measured at
570 nm excitation and 680 nm emission. These wavelengths
were selected based on previously reported values for
the coral fluorescence.** The optimal focal height was
determined automatically, and total fluorescence intensity
was measured with 10 flashes per scan point. Data were
analyzed using the MARS Data Analysis Software (MARS
Data Analysis Software, BMG Labtech, Germany).

2.10. MINI-PAM Il photosynthesis yield analyzer

The health of zooxanthellae (the symbiotic microalgae
within corals) was examined using a MINI-PAM II
instrument (Heinz Walz GmbH, Germany). The instrument
utilizes a red light-emitting diode (655 nm) to measure
photosynthetic yield. Variable chlorophyll fluorescence of
photosystem II (PSII) was assessed using pulse amplitude
modulation (PAM) fluorometry (Mini-PAM-II, Heinz
Walz GmbH, Germany). To ensure that PSII was in an
open state, samples were dark-adapted for 10 min following
exposure to aquarium lights. The maximum photochemical
efficiency (Fv/Fm) was then calculated using Equation
I, where Fm and F represent the maximal and minimal
PSII fluorescence of dark-acclimated microencapsulated
zooxanthellae, respectively. This method was adapted from
previously reported procedures for PAM measurements.**

pres
E, E,

2.11. 3D bioprinting

Bioprinting experiments were conducted using a robotic
3D bioprinter (Dobot, China). The bioprinter comprised
a five-degrees-of-freedom robotic arm, a custom-designed
dual-coaxial nozzle, microfluidic pumps, and a stirring hot

plate (IKA® RCT basic, XXX, IKA-Werke GmbH & Co. KG,
Germany). The robotic arm was controlled via Repetier-
Host, while printing files were designed in SolidWorks and
converted to g-code using the Slic3r and Repetier software
(version 1.4.18, Hot-World GmbH & Co. KG, Germany).
The dual-coaxial nozzle was fabricated following a
previously reported design," with slight modifications for
polyp-laden bioprinting. It consisted of two outlets and
one inlet. The first nozzle comprised an 18G nozzle outlet
(1,270 um outer, 965 um inner diameter) for the peptide
solution and a 21G nozzle inlet (820 um outer, 510 wm
inner diameter) for the PBS solution. The 21G nozzle was
connected to the 18G nozzle, where ionic-driven hydrogel
crosslinking occurred. Together, they formed the first part
of the dual-coaxial nozzle. The second part consisted of a
single 18G nozzle (1,270 um outer, 965 um inner diameter).

After the bail-out, S. pistillata coral polyps formed
spheroids between 200 and 600 um in diameter, and the
reported nozzle dimensions were found to be suitable for
extrusion without compromising polyp viability (Figure
S1). The nozzle configuration enabled smooth extrusion of
bail-out polyps while minimizing clogging risks associated
with polyp size. Polyps were successfully extruded without
evidence of bursting or clogging.

Commercial microfluidic pumps were operated in
automated pulse mode using a square-wave function.” The
dual-coaxial nozzle was connected to the pumps through
three 1,000 um-diameter microfluidic tubes (Figure SI).
Based on the reported viscosity'! and polyp dimensions,
optimized pumping flow rates were determined:
40-45 puL/min (peptide solution), 15-20 uL/min (5x PBS),
and 30 puL/min (FSW with polyps). All 3D bioprinting
experiments were performed at 27°C. Notably, the
interaction between PBS and the peptide solution inside
the nozzle resulted in hydrogel formation required for
extrusion-based bioprinting.!! Efficient extrusion of
individual polyp units depended on maintaining the
optimized flow rates established in the present study.

For cell extraction, a 1 ml syringe filled with FSW
was used to gently flush cells through the tubing. Coral
skeletons were treated with bleach overnight, washed three
times with water, immersed in ethanol for 1 h, and washed
again three times with FSW. The coral skeletons were then
left in water overnight and subsequently stored at room
temperature. Tweezers were sterilized using a Panasonic
MLS-3781L autoclave (Japan) at 121°C for 15 min.

2.12, Statistical analysis

Statistical analyses and data visualization were performed
using OriginPro 2022b software (OriginLab Corporation,
US). Multiple comparisons of population means were
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conducted using Tukey’s test, with statistical significance
set at p<0.05.

3. Results and discussion
3.1. Polyp microencapsulation and 3D bioprinting

Anoverviewofthe developed strategy and the coralanatomy
is shown in Figure 1. The polyp bioink microencapsulation
and 3D bioprinting strategy, based on ultrashort peptide-
derived bioinks for coral regeneration and polyp culture, is
shown in Figure 1A. These bioinks have been extensively
used in cell culture and tissue engineering with human
cells."»* The primary advantages of formulating bioinks
with synthetic peptide-based hydrogels include their
bioinertness, biocompatibility, ability to self-assemble
into 3D structures, low immunogenicity, minimal batch-
to-batch variation compared to naturally derived bioinks,
and inherent tendency to accelerate fiber formation in the
presence of PBS.? In particular, ultrashort self-assembling
peptides, recognized for their low immunogenicity, have
been widely applied in medicine and, more recently,
in environmental technologies such as underwater
adhesives.'*  Therefore, employing self-assembling
peptides composed of natural amino acids offers an
interesting strategy for underwater environmental
applications. Although recent research has highlighted the
successful development of calcium carbonate-based coral-
like skeletons and the 3D bioprinting of symbiont-laden
bionic coral hydrogels,'*!**** there are, to date, no reports
describing the development of a polyp-symbiont-laden
3D bioprinted biomimetic interphase. Here, we underline
the emerging role of ultrashort peptide-based bioinks,
in combination with biofunctionalized bioinks, for
developing coral-like microenvironments that could serve
as a groundwork for future coral tissue transplantation
technologies.

A schematic representation of coral polyp anatomy
(Figure 1B) and images of a native S. pistillata coral polyp
(Figure 1C and D) are provided to illustrate the biological
context. In these images, green fluorescence highlights the
polyp tissue (Figure 1C), while red fluorescence identifies
the symbiotic microalgae (Figure 1D).

We evaluated multiple peptide bioink scaffolds for
structurally stability under seawater conditions. Bail-
out polyps were then microencapsulated in hydrogel-
based bioinks to develop polyp-inspired biomaterials.
Comparative experiments were performed using two
polyp species (S. pistillata and P. verrucosa), with both
individual polyps and clustered configurations tested
to enhance survival. The resulting biomaterials were
monitored in vitro for 45 days, with morphology and
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Figure 1. Development of a coral-inspired bio-skin biomaterial to support
coral regeneration. (A) Schematic overview of the strategy for developing
a coral bio-skin biomaterial to support coral tissue regeneration.
(B) A designed illustration of the polyps. (C) Native Stylophora
pistillata coral polyps, identified by their green autofluorescence, and
(D) their symbiotic zooxanthellae, exhibiting a characteristic red
fluorescence, are shown on top of their calcium carbonate skeleton.
Scale bars: 600 um; magnification: 10x. The Biorender software was used
to prepare Figure 1A.

Abbreviation: PAM: Pulse amplitude modulation.
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fluorescence (native green tissue and zooxanthellae)
assessed.

Our results identified at least eight peptide-based
bioinks as biocompatible with polyps. The best-performing
bioinks were selected based on both biocompatibility
and mechanical stability (viscoelasticity and degradation
resistance) under seawater conditions, making them
suitable for 3D bioprinting applications. Furthermore,
we optimized a robotic-assisted 3D printer for polyp

bioprinting, detailing the optimization process. The most
effective combination of bioink and polyp species (Table 2)
was then employed to 3D bioprint a unique coral bio-skin
on top of coral skeletons, providing a potential strategy to
support coral regeneration.

3.2, Bioinks’ stability under seawater conditions

Thirteen peptide compounds were selected to create
hydrogel-based scaffolds for polyp microencapsulation,

Table 2. Top-performing bioinks for polyp cultivation

Coral polyp Top- Bioink properties under Polyp micropropagation Polyp morphology Polyp
specie performing seawater conditions survival
bioinks time
Stylophora B2 Stiffer scaffold (10 kPa), 3.81 mm? with visible Polyp conserves its morphology with signs Up to 24 days
pistillata biocompatible, pH 7.7 zooxanthellae spreading of emitted green fluorescent protein (GFP)
through the micropropagated from its tentacles and high zooxanthellae
surrounding tissue density
B5 Soft scaffold (1 kPa), 2.4 mm?, visible zooxanthellae Polyp conserves its morphology with signs
biocompatible, pH 7.7 spreads through the of emitted GFP from its tentacles and high
micropropagated surrounding zooxanthellae density
tissue
B8 Soft scaffold (1 kPa), 4.16 mm?, visible Polyp conserves its morphology with signs
collagen-mimetic, zooxanthellae spreads of emitted GFP from its tentacles and high
biocompatible, pH 7.9 through the micropropagated zooxanthellae density, signs of potential
surrounding tissue skeletongenesis underneath
B9 Soft scaffold (1 kPa), 3.53 mm?, visible Polyp conserves its morphology with signs
fibronectin-derived RGDS zooxanthellae spreads of emitted GFP from its tentacles and high
epitope promoting cell through the micropropagated zooxanthellae density, signs of potential
adhesion, biocompatible, pH 7.8 surrounding tissue skeletogenesis underneath
Pocillopora B2 Stiff scaffold (10 kPa), 4.23 mm?, visible Polyp conserves its morphology, Up to 12 days
verrucosa biocompatible, pH 7.7 zooxanthellae spreads contracted tentacles, and high
through the micropropagated zooxanthellae density
surrounding tissue
B3 Soft scaffold (1 kPa), 2.41 mm?, visible Polyp conserves its morphology,
biocompatible, pH 7.7 zooxanthellae spreads contracted tentacles exhibit GFP, and high
through the micropropagated zooxanthellae density
surrounding tissue
B4 Soft scaffold (1 kPa), 2.12 mm?, visible Polyp conserves its morphology,
biocompatible, low adhesion,  zooxanthellae spreads contracted tentacles, and high
pH 7.7 through the micropropagated zooxanthellae density
surrounding tissue
B6 Soft scaffold (1 kPa), 3.17 mm?, visible Polyp conserves its morphology,
biocompatible, pH 7.6 zooxanthellae spreads contracted tentacles, and high
through the micropropagated zooxanthellae density
surrounding tissue
B8 Soft scaffold (1 kPa), 3.77 mm?, visible Polyp conserves its morphology,
collagen-mimetic, pH 7.9 zooxanthellae spreads contracted tentacles exhibit GFP, and high
through the micropropagated zooxanthellae density
surrounding tissue
Bl1 Soft scaffold (1 kPa); 4.59 mm?, visible Polyp conserves its morphology,

laminin-derived YIGSR epitope
promoting cell adhesion,
migration, and differentiation;
biocompatible, pH 7.9

zooxanthellae spreads
through the micropropagated
surrounding tissue

contracted tentacles, and high
zooxanthellae density
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resulting in the development of bioinks with unique
properties for 3D polyp culture (Table 1). Bioinks B1-B8
and B13 were composed of self-assembling peptides 1-8
and 13, respectively, while bioinks B9-B12 were prepared
by mixing peptides 9-12 with peptide 1 or 3. Peptides 9-12
were synthesized by attaching biofunctional motifs to the
ultrashort peptide compounds 1 and 3. On their own,
peptides 9-12 lacked self-assembling capacity; however,
when mixed with ultrashort peptides 1 or 3 at defined
ratios, they formed bioinks B9-B12.

The bioactive motifs incorporated included RGDS (a
fibronectin-derived epitope that mediates cell adhesion
and binding), FOGER (a collagen-derived epitope), and
YIGSR (a laminin-derived epitope that promotes cell
adhesion, migration, and differentiation). Under seawater
conditions, bioinks B1-B12 successfully formed hydrogels,
whereas bioink B13 did not (Figure 2). Bioinks B1-B3
exhibited the highest stability, retaining their structural
integrity without visible degradation or dissolution for
over 30 days in seawater (Tables 1 and SI). In contrast,
bioinks B4 and B6 formed hydrogels that dissolved in less
than 14 days and 24 h, respectively.

A Bioink 1 B  Bioink 2

E Bioink 5 F Bioink 6

Bioink 9 J Bioink 10

Bioink 13

C

K

The nine rationally designed tetrameric peptides
studied (B1-B9, B13) are amphiphilic, comprising
hydrophobic and hydrophilic domains.!! Depending on
their sequence, the C-terminus carried either a positively
charged residue (B1-B9) or a negatively charged residue
(B13). While charged amino acids and pH strongly
influence peptide aggregation and assembly,” these
tetramers assembled exclusively through amphiphilic-
driven antiparallel stacking stabilized by van der Waals and
hydrogen bonding interactions, consistent with Hauser
et al’ Although previously studied under physiological
conditions (pH 7.4) for human cell culture,' here they
also demonstrated stable assembly under seawater
conditions (Tables 1 and S1), to our knowledge for the
first time. When FSW was combined with a small amount
of PBS (1:10 ratio), the pH ranged between 7.65 and 7.9,
depending on the bioink used (Figure S2). This range
lies between physiological pH (7.35 to 7.45) and natural
seawater (7.78 to 8.21).**% However, even small pH shifts
(0.5-1 units) have been reported to negatively affect marine
species productivity and community composition.* It is
important to note that PBS was added only to accelerate
bioink formation for subsequent 3D bioprinting; seawater

D  Bioink 4

Bioink 3

Bioink 7 H Bioink 8
~ R A

Bioink 11 L

Bioink 12

Figure 2. Bioinks under seawater conditions. Bioinks B1-B12 (A-L) contain hydrophilic amino acid (lysine) as the C-terminal residue, whereas bioink B13
(M) contains hydrophilic amino acid (glutamic acid) at the C-terminus. Scale bars: 200 um; magnification: 20x.
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alone can also induce self-assembly due to its natural salt
content and the peptides’ intrinsic properties. However,
using seawater alone may reduce control over the gelation
process and slightly alter pH, which could be a limitation
for translation applications.

The remarkable stability of these bioinks arises primarily
from the rational design of ultrashort self-assembling
peptides, which contain a hydrophobic N-terminal tail and
a polar C-terminal residue.!"***"% Even a single amino acid
substitution can significantly alter molecular self-assembly
and viscoelastic properties.* The presence of certain
amino acids significantly enhances bioink stability and
stiffness under seawater conditions at 27°C. In particular,
the exceptional stability of bioink B2 is attributed to the
cyclohexylalanine (Z) residue. Bioink B2 outperformed
almost identical sequences differing by only one amino
acid, as well as bioink B3, which differs from B2 at two
positions. Although bioinks B2, B3, and related bioinks
remained structurally stable under seawater conditions,
they exhibited distinct viscoelastic properties, particularly
in storage modulus. Structurally, the Z residue in B2
features a cyclohexane ring, in contrast to the aromatic
benzene ring of phenylalanine in B3.* These results
suggest that ultrashort peptides containing two adjacent
cyclohexylalanine residues readily form robust bioinks
suitable for potential seawater applications.

Cyclohexylalanine, a synthetic amino acid not naturally
present in the human proteome, has demonstrated
remarkable biocompatibility with various human cells
and may also be compatible with other biological systems,
such as coral polyps.!! Therefore, bioinks incorporating
these residues offer distinct advantages for underwater
applications. By contrast, bioink B13, which contains
an amphiphilic peptide with glutamic acid (a negatively
charged residue) at the C-terminus, fails to assemble
under seawater conditions (Table S1). In comparison,
peptides with a positively charged lysine residue at the
C-terminus successfully formed hydrogel-based bioinks
under seawater conditions. Depending on the peptide
sequence, some of these lysine-containing bioinks
remained structurally stable without visible deformation
for more than 30 days, while others dissolved within
2 weeks or even less than 24 h (Tables 1 and S1). Overall,
most bioinks retained at least 75% of their structure
for 30 days in seawater. This stability highlights their
potential for field applications, where they could provide
localized, durable scaffolds for targeted coral restoration.
Accordingly, amphiphilic peptide sequences with positive
C-terminal charges are considered promising candidates
for seawater bioprinting applications.

3.3. Polyp microencapsulation and 3D bioprinting
after bail-out

Polyps were encapsulated using two different strategies: as
clustered entities and as individual units. Previous studies
have reported the use of epifluorescence microscopy and
spectrophotometry to monitor the health status of bail-out
polyps.®” Therefore, two complementary methods were
employed in this study to assess polyp health after bail-
out and subsequent microencapsulation. These methods
included (i) quantitative monitoring of the polyp’s natural
green fluorescence and the chlorophyll red fluorescence of
the symbiotic zooxanthellae, and (ii) qualitative assessment
using phase-contrast and epifluorescence microscopies
to evaluate polyp morphology (Figure 3). As controls,
fluorescence was monitored in FSW (Figure 3A), cultured
polyps suspended in seawater (Figure 3B), native coal
fragments (Figure 3C), and scaffolds without polyps.

Natural S. pistillata coral fragment before (Figure 4A)
and after polyp bail-out (Figure 4B) were imaged, along
with their structural details (Figure 4C and D). After the
bail-out, suspended polyps adopt a spherical shape and
detach from the natural coral skeleton. Bail-out polyps
from both S. pistillata and P. verrucosa were observed
spinning continuously in seawater without re-settling
(Figure 4E and F).

In contrast, microencapsulated polyps were
immediately provided with a substrate for anchorage
and reoriented their oral region toward the incident
light source (Figure 5). By comparison, S. pistillata and
P. verrucosa polyps cultured in FSW underwent cellular
lysis and membrane rupture within 5 days (Figures S3 and
S4). This degeneration was accompanied by a loss of green
fluorescence and a marked increase in red fluorescence
(Figure S5). Previous studies have highlighted that the
success rate of polyp re-settlement after bail-out is typically
low.** However, when microencapsulated within bioinks,
polyps re-settled within 24 h. This enhanced re-settlement
is attributed to their direct contact with bioink fibers,
which serve as a suitable substrate for instantaneous polyp
re-settlement (Figure 5). Comparable behavior has been
observed in Pocillopora damicornis polyps cultured in a
coral-on-a-chip microfluidic device, where microscopy
was used to track native green fluorescent protein and
chlorophyll autofluorescence (red) over 6 weeks.® The red
fluorescence of bail-out polyps has been linked to algae
chlorophyll, as seen in symbiotic zooxanthellae.®”

3.4. Polyp biomaterial cultivation

Unlike other methods, such as suspending polyps in water,
the use of self-assembling peptide-based bioinks for bail-
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Figure 3. Experimental controls. (A) Filtered seawater (FSW); (B) suspended Stylophora pistillata polyps after polyp bail-out; and (C) native S. pistillata

coral fragment. Scale bars: 650 um; magnification: 10x.

out polyps promotes instantaneous interaction with the
scaffold surface. This facilitates rapid reattachment and
subsequent micropropagation. S. pistillata polyps cultured
in FSW (Figure 5A) were compared to microencapsulated
S. pistillata polyps (Figure 5B). The microencapsulated
polyps maintained their morphology and displayed
native green fluorescence (Figure 5C) for up to 24 days.
In contrast, P verrucosa polyps cultured in FSW
(Figure 5D) were compared with their microencapsulated
counterparts (Figure 5E). Suspended polyps exhibited
lysis when cultured in FSW (Figures S3 and S4), whereas
microencapsulated polyps preserved their spherical
morphology and displayed characteristic native green
fluorescence in their tentacles (Figure 5E and F).

Structurally, S. pistillata polyps retained their
shape when cultured in bioinks (Figure 6). When
microencapsulated (Figure 6A and B), tissue production
was accelerated when at least two polyps were cultured
in close proximity (Figure 6C and D). These findings
demonstrate that microencapsulated S. pistillata polyps
maintained their morphology and self-generated
fluorescence for up to 24 days. The most effective bioinks
for polyp cultivation were bioinks B2, B5, B8, and B9. These
bioinks promoted the formation of surrounding tissue
within S. pistillata polyps within 6 days (Figure 6E-H),
indicating active polyp micropropagation. Bioinks B2,
B5, and B8 were composed of ultrashort self-assembling

peptides without additional biofunctionalities, whereas
bioink B9 incorporated the fibronectin-derived RGDS
adhesion motif covalently attached to the scaffold. Our
results suggest that S. pistillata polyps adapted to both stift
and soft bioink scaffolds, though stiff bioinks provided a
microenvironment more closely resembling the interface
between the coral tissue coenosarc and the natural calcium
carbonate skeleton. The biofunctional RGDS motif, known
to mimic integrin recognition sites, plays a key role in
mediating cell adhesion. Although this motif has primarily
been studied in mammalian cells, our results indicate that
RGDS also enhances polyp re-settlement. This finding
highlights the potential of incorporating biofunctionalized
motifs into biomimetic scaffolds to enhance bail-out
polyp micropropagation. For instance, the integrin
subunit, which has been identified in several coral species,
is involved not only in cell adhesion, fertilization, and
symbiont uptake but also in cell-extracellular matrix
interactions.***  Therefore, combining RGDS with
either soft or stiff scaffolds could significantly enhance
integrin-mediated recognition of biomimetic scaffolds by
bail-out polyps and accelerate tissue micropropagation.
Further experiments aiming to recreate the coenosarc
microenvironment of S. pistillata should consider stiff
bioinks supplemented with RGDS motifs. The initial total
area of an . pistillata bail-out polyp was 0.11 mm?, which
increased significantly after 24 days of cultivation due to
micropropagation (Table 2).
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Figure 4. Extracted polyps. (A) Native Stylophora pistillata coral fragment. (B) Extracted polyps batch. S. pistillata polyps on the calcium carbonate
skeleton: Side view (C) and top view (D). S. pistillata (E) and Pocillopora verrucosa polyps (F). Scale bars: (C & D) 650 um, (E & F) 200 wm; magnification:

10x (C & D), 20x (E & F).

The top-performing bioinks for P verrucosa polyps
were B2, B3, B4, B6, B8, and B11 (Figure 7). Polyps were
microencapsulated (Figure 7A), and after 3 days of culture,
micropropagated tissue was observed (Figure 7B). Tissue
production accelerated when at least two polyps were
cultured in close proximity (Figure 7C), although the extent
varied depending on the underlying peptide sequence
of each bioink (Figure 7D-I). Based on these findings,
microencapsulated P. verrucosa polyps maintained their
morphology and displayed self-generated fluorescence for
up to 12 days. Bioinks B2, B3, B4, B6, and B8 consisted
of ultrashort self-assembling peptides without additional
biofunctional motifs, whereas Bll incorporated the
laminin-derived YIGSR cell adhesion motif. P. verrucosa
polyps responded favorably to both stiff and soft scaffolds.
It aligns with reports that the natural coral skeleton

microstructure of this coral contains radially arranged
calices with a gradient of compressive properties.”
As a result, the coral exhibits both high strength and
localized deformation due to its natural calcium carbonate
architecture. This is congruent with our results that bail-
out polyps from this coral species exhibited affinity for
both soft and stiff bioinks.

The YIGSR motif, previously applied in mammalian
organoid culture, also promoted polyp re-settlement
in P. verrucosa.** Our findings indicate that the use of a
moderately stiff bioink in combination with the YIGSR
motif facilitated attachment, successful re-settlement, and
subsequent micropropagation. Further studies aiming
to create a biomimetic microenvironment that closely
resembles the coenosarc tissue of P verrucosa should
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Stylophora pistillata

Ly

Figure 5. Microencapsulated Stylophora pistillata and Pocillopora verrucosa polyps. (A) Suspended S. pistillata polyp in seawater. Scale bars: 200 um;
magnification: 20x. (B) Phase-contrast imaging of a microencapsulated S. pistillata polyp in bioink B2 after 24 h. Scale bars: 200 um; magnification: 20x.
(C) Epifluorescence imaging of microencapsulated coral tissue (green) and zooxanthellae (red). Scale bars: 650 um; magnification: 10x. (D) Suspended
P, verrucosa polyp in seawater. Scale bars: 200 pm; magnification: 20x. (E) Phase-contrast imaging of a microencapsulated P. verrucosa polyp in bioink
B3 after 24 h. Scale bars: 650 m; magnification: 10x. (F) Epifluorescence imaging of the microencapsulated coral tissue (green) and zooxanthellae (red).

Scale bars: 200 um; magnification: 20x.

consider scaffolds with a stiffness gradient combined with
YIGSR binding motifs. The initial area of a P. verrucosa
bail-out polyp was 0.18 mm?, which increased significantly
after 12 days of cultivation due to micropropagation
(Table 2).

For both polyp species, accelerated micropropagation
(Figures 6C and 7C) and inter-polyp interactions
(Figures 6D and 7D) were observed when bail-out polyps
were cultivated within 0.5 mm of each other inside bioink

scaffolds. Conversely, polyps cultured in FSW underwent
lysis within 24 h (Figures S3-S5). These findings highlight
the potential of biofunctionalized bioinks for supporting
polyp cultivation.

Fluorescence data supported these findings (Figure 8).
In S. pistillata, green fluorescence decreased gradually,
reaching baseline levels by day 45 (Figure 8A). In contrast,
P verrucosa polyps exhibited a steep decrease in green
fluorescence after 5 days (Figure 8E). These results indicate
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Stylophora pistillata

Figure 6. Culture of Stylophora pistillata polyps in cluster form. (A) Day 0;
(B) after 24 h; (C) surrounding halo formation on day 6; (D) inter-polyp
interactions after 6 days. S. pistillata polyps in the best-performing
bioinks after 24 days: (E) B2, (F) B5, (G) B8, (H) B9. White arrows
indicate surrounding halo micropropagation (C, E-H), and the dashed
circle denotes inter-polyp connections (D). Scale bars: (A & B) 200 pm,
(C-H) 650 um; magnification: 20x (A & B), 10x (C-H).

that while bioinks can function as biomimetic scaffolds
resembling coral coenosarc tissue and sustain bail-out
polyps outside of their natural coral skeleton for several
days, the current cultivation conditions and scaffold
architecture require further refinement to achieve longer-
term viability (e.g., polyp cultivation in flow chambers or
with integrated calcium carbonate layers).

After encapsulation, both polyp species showed low and
unstable red fluorescence, which increased significantly
after 5 days. This increase was attributed to chlorophyll
autofluorescence from the symbiotic zooxanthellae
(Figure 8C and G). Red fluorescence was higher in
P. verrucosa than in S. pistillata. In clustered polyps, red
fluorescence decreased after 15 days in S. pistillata and
after 20 days in P. verrucosa, with similar trends observed

Pocillopora verrucosa

Figure 7. Culture of Pocillopora verrucosa polyps in cluster form.
(A) Day 0; (B) surrounding halo formation after 6 days; (C) inter-polyp
interactions after 6 days; P. verrucosa polyps in the best-performing
bioinks after 12 days: (D) B2, (E) B3, (F) B4, (G) B6, (H) B8, (I) B11.
White arrows indicate surrounding halo micropropagation (B, D-I),
and the dashed circle denotes inter-polyp connections (C). Scale bars:
(A) 200 pm, (B-I) 650 pm, inset in (C) 275 um; magnification: (A) 20x,
(B-I) 10x, inset in (C) 20x.

in single polyps. After this period, red fluorescence
increased again, accompanied by a further decrease in
green fluorescence.

Of the 13 bioinks tested, eight supported polyp
morphology and the formation of surrounding halos. The
appearance of surrounding halos, previously documented
in bail-out polyps cultured within microfluidic devices,
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is considered an indicator of successful re-settlement
and subsequent micropropagation.® This occurs because
bioinks differ in softness or stiffness and generate fibers
of varying thickness, which influence cell adhesion,
differentiation, cytocompatibility, and nutrient diffusion
within the bioink scaffolds. These parameters collectively
create distinct microenvironments for cell growth and
proliferation.'74

It is suggested that following polyp bail-out, some
symbiotic microalgae shut down photosynthesis due to the
initial high stress of being outside their natural symbiotic
environment within the coral dermis. After 5 days of
adjustment, some symbionts from their membrane-bound
symbiosomes were released during bail-out and remained
present during encapsulation. A similar pattern was observed
in bail-out polyps cultured in a microfluidic chip, where
symbiont chlorophyll increased post-bail-out.® A similar
trend was also observed in suspended polyps, where red
fluorescence increased while green fluorescence decreased
(Figure S5). This change may be attributed to microalgal
breakdown under nutrient deprivation. Other studies
suggest that corals may even feed on their photosynthetic
symbionts under starvation conditions.***'

These observations indicate a potential disruption
of symbiosis when bail-out polyps are transplanted
into bioinks, leading to species-specific fluorescence
dynamics. Furthermore, there appears to be an optimal
timeframe during which both polyps and zooxanthellae
are in ideal conditions for transfer of this biomaterial
under semi-batch conditions to continuous systems (e.g.,
microfluidic devices or aquaria) that provide enhanced
nutrient inflow. A summary of the top-performing bioinks
and their compatibility with bail-out polyps in terms of
micropropagation, morphology, and survival is presented
in Table 2.

3.5. Bioinks’ viscoelastic properties under seawater
conditions

Based on the preceding results, we selected S. pistillata
polyps for 3D bioprinting experiments to create a coral-
inspired bio-skin biomaterial. For potential in situ
applications, we evaluated the viscoelastic properties
(Figure 9) of the best-performing bioinks for S. pistillata
polyps, selected according to seawater stability (Table 1)
and polyp biocompatibility (Table 2).

Initially, we assessed the ability of each bioink to store
energy before deformation, measured by storage and loss
modulus. Bioink B2 exhibited a significantly higher storage
modulus compared to the other bioinks (p<0.001) (Figure
S6), indicating superior structural stability under seawater
conditions. These findings align with earlier results in

the present study, where bioinks containing adjacent
cyclohexylalanine (Z) residues demonstrated enhanced
stability (Tables 1 and SI). Next, we assessed scaffold
network strength by measuring responses to increasing
angular frequency. All bioinks displayed low frequency
dependence, suggesting the formation of well-organized 3D
scaffold networks due to their self-assembling capabilities.
Among them, B2 exhibited the strongest network integrity.
We also evaluated oscillation strain behavior. All bioinks
underwent a transition from solid-like to liquid-like
states at different oscillation strains. Bioinks B3, B5, and
B9 tolerated higher oscillation stress but exhibited lower
structural stability under static conditions. Overall, bioinks
B1 and B2 demonstrated the greatest mechanical structural
stability under seawater conditions, although both were
still capable of transitioning into a liquid state under
oscillatory forces. Statistical significance was determined
using the Tukey test and is reported in Figure S6.

Our results further indicate that polyps transplanted
from their natural coral skeleton to hydrogel-based
scaffolds — serving as artificial, biomimetic coral skin —
do not immediately die. Instead, the polyps adapt to the
scaffold, maintain their morphology, and continue to emit
green and red fluorescence for several days. This suggests
that their survival could be prolonged under improved
conditions, such as open systems with continuous nutrient
supply, or by supplementing FSW with additional nutrients.

Transferring these biomaterials to open system
conditions is feasible because the bioinks exhibit diverse
mechanical and viscoelastic properties depending on their
peptide sequence, resulting in distinct stability profiles
under seawater (Figure 9 and Table S1). Accordingly,
S. pistillata and P. verrucosa polyps can be maintained
in microcapsules for at least 10 days and subsequently
transferred to continuous culturing systems. During this
period, the polyps retain their shape and fluorescence,
though eventual disruption of their symbiotic relationship
occurs. Further investigation of the viscoelastic properties
of these biomaterials is required to optimize their
performance under seawater conditions.

3.6. Development of a coral-inspired bio-skin
biomaterial

We achieved the first-of-its-kind 3D bioprinting of coral
polyps to create a coral-inspired bio-skin biomaterial
(Figure 10). The overall strategy is presented in Figure 10A.
The robotic-assisted 3D bioprinting system was optimized
specifically for polyp-laden bioprinting (Figure 10B and C).
Optimization parameters included pumping speed, robotic
arm movement, PBS concentration, gelation speed,
nozzle tip dimensions, and nozzle tubing dimensions, all
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Figure 9. Rheological characterization of top-performing bioinks after 30 days of seawater submersion. Viscoelastic properties were evaluated through
step time (A, D, G, J, M), angular frequency (B, E, H, K, N), and oscillation strain (C, F, I, L, O). The turnover points were as follows: B1,299.11 Pa at 9.96%
strain (C); B2, 3789.26 Pa at 3.97% strain; B3, 144.19 Pa at 25.03% strain; B5, 174.48 Pa at 25.03% strain; and B9, 203.59 Pa at 19.92% strain. Experiments
were conducted at 27°C with # = 6 replicates.

adjusted according to the morphological properties of
bail-out S. pistillata polyps (Figure S1) and the viscoelastic
properties of the selected bioink. In this study, we used the
Ac-lle-Cha-Cha-Lys-NH, (IZZK) peptide because of its
biocompatibility with polyps, high printability, and stability
under seawater conditions. This enabled the successful

bioprinting of a polyp-laden coral bio-skin biomaterial
directly onto coral skeletons (Figure 10C and D). Under
the optimized conditions, the 3D bioprinter was able
to deposit polyps without inducing lysis. Although
microencapsulated, the polyps retained tentacle movement
(Video S1). Thixotropic analysis further revealed that the
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3D bioprinting a coral-inspired bio-skin
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Figure 10. 3D bioprinting of coral-inspired bio-skin on calcium carbonate coral skeletons. (A) A schematical design illustrating the 3D bioprinting of the
coral bioskin. (B) 3D bioprinter setup for polyp bioprinting. (D) Bioprinting of coral skin onto coral skeletons. (D) 3D-bioprinted coral-inspired bio-skin
containing Stylophora pistillata polyps after 24 h and 7 days post-bioprinting. Scale bars: 650 um, magnification: 10x. (E) Self-healing properties of the
polyp bio-skin biomaterial. (F) Effective photosystem II (PSII) yield (Y[II]) of immobilized polyps during a 10-day cultivation period, measured using
MINI-PAM-II Photosynthesis Yield Analyzer. (G) Polyp-associated green fluorescence. (H) Zooxanthellae red fluorescence.

combination of polyps and bioink formed a self-healing
biomaterial, supporting its potential application in situ for
regenerating coral substrates (Figure 10E).

In addition, PAM results confirmed that the symbiotic
zooxanthellae remained metabolically active and stable
after 10 days (Figure 10F). The successful presence of
3D-bioprinted polyps within the coral-inspired bio-
skin biomaterial was corroborated by epifluorescence
microscopy, further supporting our findings that

microencapsulated polyps retain tentacle movement after
bioprinting (Video S2). These results were consistent with
fluorescence intensity measurements associated with
coral tissue and symbionts (Figure 10G and H). Tentacle
movement within hydrogel scaffolds can be attributed to
the remarkable properties of ultrashort self-assembling
peptides, which form nanofibrous 3D scaffolds. These
scaffolds not only allow nutrient diffusion through their
mesh-like architecture but can also reorganize their
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fiber network due to the innate thixotropic nature of the
hydrogel scaffolds. However, further research is required to
elucidate the effect of bioink thickness on the performance
of 3D-bioprinted coral-polyp bio-skins.

Fluorescence analysis revealed a notable decrease in
green fluorescence, suggesting that cultivation conditions
could be further optimized. Consistent with earlier results,
red fluorescence associated with zooxanthellae decreased,
likely due to nutrient starvation, and subsequently
increased when green fluorescence (Figure 10G) stabilized
at low constant levels (Figure 10H).

These findings suggest that the extrusion-based 3D
bioprinting process imposes greater stress on polyps
compared to manual microencapsulation, reinforcing the
need to optimize culture conditions to enhance long-term
viability. Nevertheless, this study highlights the potential
of 3D bioprinting for generating polyp-laden biomaterials.
Under the tested conditions, the 3D-bioprinted biomaterial
supported viable polyps for approximately 7 days, sustained
solely with FSW as the nutrient source.

Future research should investigate the cultivation
of 3D-bioprinted polyp biomaterials under diverse
environmental conditions, such as temperature, salinity,
and nutrient enrichment, to improve polyp survival after
transplantation. Recent progress in this field includes the
development of bionic corals fabricated with GelMA-based
3D bioprinting platforms that mimic coral skeletons and
incorporate symbionts.*'* Other studies have explored
calcium carbonate-based materials and bioinks to support
coral restoration,**** while antioxidant-enriched biomaterials
(e.g., biodegradable composites with curcumin, zein, and
polyvinylpyrrolidone) have been formulated to mitigate
thermal stress on corals.”? Advancements in 3D printing
and bioprinting technologies have enabled the fabrication
of cutting-edge coral-inspired structures and biomaterials
for coral restoration. For instance, GeIlMA-based hydrogels
have been employed to replicate living coral tissue and
skeletons with micron-scale resolution." Sustainable calcium
carbonate-based materials have also been used to print coral-
like structures, and bioprinted coral microenvironments
have successfully mimicked coral-algal symbiosis.'*!4!%32%2
Hydrogel-based systems have additionally been engineered
to promote the growth of synthetic algal-bacterial consortia.

Coral tissue thickness (covering the coral skeleton)
ranges from 100 um to 0.5 cm, depending on the species.
Extrusion-based bioprinting technology can replicate
these 3D structures by integrating appropriate biological
components with scaffold materials. In this study, we
present ultrashort and biofunctionalized peptide-based
scaffolds designed specifically for underwater applications,
contributing to the development of coral-inspired bio-skin

biomaterials. These biomaterials represent a promising
platform for coral tissue transplantation and a significant
advancement toward in situ coral regeneration.

4, Conclusion

We developed a novel method, termed polyp
microencapsulation and 3D bioprinting (or abbreviated
as PM3D), for bail-out polyp transplantation. Our results
revealed that successful polyp micropropagation occurs
when multiple polyps are microencapsulated within bioink
scaffolds. Weidentified eight peptide-based bioinks suitable
for both polyp micropropagation and 3D bioprinting and
analyzed their viscoelastic properties under seawater
conditions. Some of the supporting peptide bioinks
incorporated bioactive motifs such as RGDS and YIGSR,
which are commonly used to mimic the mammalian
cellular microenvironment. Interestingly, these bioactive
motifs also positively influenced polyp propagation.

The identified peptide bioinks did not harm bail-out
polyps and remained stable under seawater conditions.
They were able to rapidly form fibers, enabling settlement
between bail-out polyps and hydrogel substrates, thus
serving as external scaffolds to support polyp growth
outside their natural tissue. We also observed changes
in red fluorescence following bail-out and subsequent
microencapsulation, indicating disruption of the symbiotic
relationship between the polyp and zooxanthellae,
likely due to nutrient scarcity. Importantly, bioprinted
polyps microencapsulated in ultrashort peptide bioinks
still exhibited tentacle movement (Videos S1 and S2),
depending on scaffold stiffness, thickness, and crosslinker
concentration. These parameters can be further optimized
to improve polyp viability post-printing. Future research
aimed at the long-term cultivation of artificial polyp-
bio-skin biomaterials should consider integrating
flow-through microfluidic devices to better mimic field-
like conditions, incorporating biomimetic coral cues,
optimizing biomaterial compositions, and cultivating
these biomaterials in nutrient-enriched media.

To advance coral tissue regeneration technologies, we
selected the top-performing bioink to 3D bioprint a coral-
inspired bio-skin biomaterial onto calcium carbonate coral
skeletons. These findings pave the way for coral tissue
engineering by harnessing polyp-directed bioinks derived
from ultrashort self-assembling and biofunctionalized
peptides, which can serve as support scaffolds for future
coral tissue transplantation strategies.
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Sheffield, Yorkshire, United Kingdom

Abstract

The impact of powder flow characteristics on in situ nickel (Ni)-titanium (Ti) alloy
formation within the laser powder bed fusion (LPBF) process is poorly understood.
In this study, flow segregation patterns of Ni-Ti powder blends within the LPBF build
chamber were examined and were found to be influenced by the substrate surface,
build layout distribution, and particle size distribution. These segregation patterns
significantly impacted relative density (RD) and elasto-caloric properties of in situ
alloyed nitinol components, with regions of lower RD correlated with lower Ni content
and higher phase transformation enthalpies than regions with higher Ni content. It
was found that powder segregation rates between Ti and Ni particles were higher for
rougher substrates, which also contained higher amounts of unmelted powder than
smoother substrates. Furthermore, the position of the unmelted powder relative
to the deposition arm sweep impacted powder segregation patterns throughout
the build chamber. Powder segregation patterns in the LPBF deposition bed were
also affected by differences in material density between Ni and Ti and interparticle
cohesive forces. The insights gained from this work provide a route to achieving
improved microstructural and chemical homogeneity of in situ alloyed nitinol, with
tailored thermo-mechanical performance.

Keywords: Nitinol; Additive manufacturing; Laser powder bed fusion; In situ alloying

1. Introduction

Nitinol is a family of shape memory alloys predominantly composed of nickel (Ni)
and titanium (Ti), with properties such as shape memory, super-elasticity, and good
fatigue strength and corrosion resistance. It is suited to a wide range of biomedical and
industrial applications.! However, due to its poor machinability, the range of geometries
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that are achievable from conventional manufacturing
methods is typically limited to wire, tube, or sheet form.?
Additive manufacturing offers many advantages over
conventional processing, including increased flexibility of
design geometry, microstructure, and thermomechanical
properties.** Among the available additive manufacturing
technologies, laser powder bed fusion (LPBF) offers high
levels of geometrical flexibility, dimensional resolution,’®
microstructural  flexibility,® chemical purity,” and
controllable levels of surface roughness.® The powder can
be pre-alloyed or can be generated by blending powders
of the constituent elements and alloying in situ during the
LPBF process.” Challenges with using pre-alloyed powder
include time and expense in producing new blends.'*!!
In situ alloying offers the opportunity to accelerate the pace
of research into complex binary, ternary, and quaternary
nitinol alloy systems.'?

However, in situ alloying within additive manufacturing
posesnumerouschallengescomparedtopre-alloyed powder.
Research to date into in situ alloying of nitinol has been
limited due to challenges with chemical inhomogeneity,*
brittle precipitates,” and high impurities.”” Chemical
homogeneity can be affected by differences in density
and mixing of the elements in the liquid state—leading to
higher levels of variation in thermal and mass distribution
within the melt pool than pre-alloyed powders'*—the size
of the powder particles relative to the melt pool size,'” and
solute trapping.'"® Chemical homogeneity is also affected
by differences in thermal diffusivity and particle size
between elemental powders,"® powder morphology,"” and
unevenness of powder deposition.?® Furthermore, higher
non-uniform thermal distribution in the melt pool leads
to a larger surface tension gradient, creating increased
Marangoni flow relative to pre-alloyed powders.?* The
exothermic reaction of the mixing enthalpy of Ni and Ti
varies with the atomic ratio of the constituent elements®
and affects underlying thermodynamic conditions,
lowering the required input energy” In addition, the
highly localized nature of the Ni-Ti exothermic reactions
within the rapid cooling environment of LPBF is thought to
influence solidification rate and contribute to precipitation
of a greater volume of hard, brittle intermetallic phases
and higher rates of cracking compared to pre-alloyed
material.'¢*

More than 130 parameters are known to influence the
LPBF process,” and these can be divided into four broad
categories: Laser, scan pattern, temperature profile, and
powder parameters.”® Most studies on in situ alloying of
nitinol have focused on the impact of factors affecting
volume energy density (laser power, scan speed, hatch
spacing, and layer thickness) or scan strategies, on

microstructural characteristics and thermo-mechanical
properties. Stoll et al.’ using equi-atomic elementally
blended Ni and Ti, measured significantly higher rates
of Ni evaporation compared to pre-alloyed nitinol
powder, as well as high levels of cracking and chemical
inhomogeneity.”® Shoji Aota et al.'® found that one of
the most important LPBF process parameters for the
promotion of increased chemical homogeneity during
in situ alloying is increased residence time of the laser
beam in the molten pool, through the use of slower scan
speeds or larger spot size, provided that energy density is
kept below the keyholing threshold."® Zhao et al.,”” using
equi-atomic elementally blended Ni-Ti, recommended
scan speeds of <400 mm/s within a laser power range of
100 W-200 W, to maximize chemical homogeneity and
relative density (RD).” Chmielewska et al*® achieved
success in improving homogeneity and reducing cracking
with in situ alloying of nitinol using a relatively low volume
energy density of 33 J/mm?®, achieved through the use of low
laser power (25 W) and moderate scan speed (1000 mm/s),
and by employing a remelt scan strategy to reduce thermal
gradients and improve melt homogeneity.®

None of the previous studies into in situ alloying in LPBF
examined the impact of powder characteristics such as
particle size distribution (PSD) and powder spread ability
on nitinol component properties. Recent experimental
and discrete element method simulation studies of powder
spreading in LPBF systems found that a ratio of layer
height to d,, <1 led to significantly poorer spread ability
than a ratio of layer height to d,; > 2.*% Xu & Nan™
found that spread ability and rate of powder segregation
are controlled by not just powder flowability, layer height,
and particle size, but also by the shear action of the blade
on the powder heap and substrate surface roughness.”
In particular, flowability is influenced by the granular
bond number, which is the ratio of interparticle forces to
gravity.”> For metallic particles within the size range used
for LPBE interparticle forces are dominated by van der
Waals forces, and the granular bond number is relatively
large.”® Therefore, it is reasonable to expect powders of
blended elements with significant differences in density
and cohesiveness, such as Ni and Ti, to be more affected by
variations in powder deposition and particle segregation
than pre-alloyed powders. It is also reasonable to expect
that substrate roughness will impact deposition and
segregation patterns in such a blend. Segregation patterns
are expected to impact localized chemical concentration
ratios, thereby affecting component properties, including
phase transformation characteristics.** This work aims to
study the impact of variations of substrate surface, build
layout distribution, and PSD on the resulting homogeneity
and properties of components produced from in situ
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alloyed elementally blended powders within the LPBF
process.

2.Data and methods
2.1. Materials

One batch of inert gas atomized spherical Ni powder from
AEM, China, with a PSD d, -d, -d,, range of 22-33-48 um,
referred to hereafter as Ni(i), was mixed with plasma
atomized Ti powder from AP&C, Canada, with a PSD
d,-d,-d,, range of 21-32-48 um, referred to hereafter as

Ti(i). These were mixed in an acoustic resonance mixer
supplied by Resodyn (United States), model LabRam I, at
an atomic ratio of Ni = 52%at. and Ti = 48%at., to generate
a blend hereafter referred to as Ni, +Ti . A second batch of
gas atomized spherical Ni powder from AEM, with a PSD
d,-d -d,, range of 33-47-65 um, referred to hereafter

as Ni ,, was mixed with a second plasma atomized Ti

powder from AP&C, with PSD d, -d, -d,, range 35-48-64,
referred to hereafter as Ti(ﬁ), in the same manner as above,

to generate a blend hereinafter referred to as Ni_ +Ti . PSD

was measured on a Malvern Mastersizer 3000 (Malvern
Panalytical, United Kingdom) dynamic light scattering unit.

2.2. Cuboidal LPBF sample fabrication

To study the impact of specimen layout and powder
bed substrate on powder deposition and segregation,
powder batch Ni +Ti  was used to three-dimensionally
print various specimens of size 7 X 7 X 7 mm’® in an
AconityMINI LPBF system with a 200 W fiber laser of
1068 nm wavelength, in three different layouts, A, B
and C per Figure 1, each with different proportions of
melted versus unmelted substrate. Layout A consisted of
six columns of specimens printed in the lower half of the

Layout A

Column: 7 6 5 4 3 2 1

Layout B

Column: 7 6 5 4 3 2 1

o
=]
(=]
DoEEEEE
DEEEEEE
DooEEEE
DooEEEmE

« Argon flow
direction
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— N WA G N IMOY

Unmelted
Layout C Powder
Column: 7 6 5 4 3 2 1 t

Powder

deposition

direction

— N WA G N MOy

Figure 1. Schematic of build layouts A, B, and C

build plate (colored orange), and one central column with
specimens printed along the entire sweep of the deposit
arm (colored green), with largely unmelted substrate in
the upper half of the coater arm sweep. Layout B consisted
of six columns of specimens printed in the upper half of
the build plate (colored blue) and one central column with
specimens printed along the entire sweep of the coater arm
(colored green), with largely unmelted powder in the lower
half of the coater arm sweep. Layout C consisted of seven
columns with specimens printed along most of the coater
arm sweep (colored green).

Process settings used for all specimens were laser power
200 W, scan speed 800 mm/s, hatch spacing 150 pum, layer
thickness 60 um, and spot size 111 wm. The laser scan
direction was rotated by 70° after completion of each layer.
The re-coater arm deposition speed over the LPBF powder
bed was fixed for all trials at 50 mm/s.

2.3. Powder fluidity assessment

To study the impact of PSD on powder deposition and
segregation, powder batch Ni_ +Ti  PSD d, =44 pum, was
used to three-dimensionally print specimens of the same size
(7 x 7 x 7 mm®) using the same settings as described above,
in accordance with Layout A (Figure 1) for comparison
with powder batch Ni +Ti, PSD d, = 32 um. Properties

relating to flow energy and bulk density were measured
for each batch of powder before and after blending with a
Freeman Technology (United Kingdom) Model FT4 Powder
Rheometer®.*® Each measurement on the FT4 device was
performed on virgin powder conditioned immediately
before testing to remove any variability that may have been
introduced while loading the powder by passing a rotating
blade at low energy through the powder column, minimizing
any precompaction or excess air effects. The flow energy
properties measured were basic flow energy (BFE), which is
the energy required to establish a particular flow patternina
conditioned, precise volume of powder, under compression,
and specific energy (SE), which is a measure of how powder
will flow in an unconfined or low stress environment for a
conditioned, precise volume of powder. The conditioned
bulk density, the density of a 25 mL powder volume
conditioned on the FT4 in the manner described above, was
also measured before weighing.

Powder dynamic flow and particle cohesiveness
were measured using a GranuDrum powder fluidity
measurement instrument from GranuTools™ (Belgium)
for the Ni, Ti, and blended Ni-Ti powders from batch
Ni, +Ti .* This automated powder flowability device
uses a horizontal cylinder with transparent side walls,
which contains a powder volume and rotates around its

axis at incremental angular velocities. A high-frequency
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optical camera (Granutools, Belgium) was used to capture
images of the edge of the powder profile for each angular
velocity. The dynamic angle of repose was computed
from the average edge profile position. This is a measure
of flowability that depends on both contact friction
forces and interparticle cohesive forces, and decreases
with improved flowability.”” Fluctuations in the edge
profile were monitored to calculate the cohesive index
(CI), a measure of inter-particle cohesion and flowability
influenced by a combination of Van der Waals, capillary,
and electrostatic interactions. Based on N = 50 images,
the standard deviation (g, ) of the fluctuation height of the
interface was calculated using Equation I*”:

=00 (7(x) -y, (x))
o, = I
N, (x)

where y(x) is the mean coordinate height for the slope
of the angle of repose at position x, and y, (x) is the
measured coordinate height at position x. CI was then
calculated by averaging o_over the visible length of the
interface. The drum rotation speed was mapped to the
equivalent recoater deposition arm speeds by calculating
the tangential velocity and multiplying the rotational speed
(radians/second) by the drum radius (r = 42 mm).* By this
calculation, the recoater arm speed employed in the LPBF
trials, 50 mm/s, corresponded to a rotating drum speed of
11.4 rpm. Drum rotating speeds tested ranged from 2 rpm
to 60 rpm.

2.4. Specimen characterization

RD measurements were performed on all specimens
using Archimedes’ principle in accordance with ASTM
B962-17, using a Sartorius (Germany) weighing scale with
measurement accuracy + 0.1 mg and acetone, against a
theoretical maximum density of 6.55 g/cm’.

Differential scanning calorimetry (DSC) testing on
selected specimens was performed in accordance with
ASTM F2004-17 on a TA Instruments (United States)
Discovery DSC2500 device, subjected to a temperature
range of —150°C-+150°C in a nitrogen atmosphere at
heating and cooling rates of 10°C/min.

Sample preparation for optical, energy-dispersive X-ray
spectroscopy (EDX), and X-ray diffraction (XRD) analysis
was performed by grinding cold resin mounts with silicon
carbide papers of 80, 300, 600, 800, and 1,200 grit, and
polishing with diamond suspension of 9, 3, and 1 um at a
rotary speed of 200-250 rpm. For optical analysis, 10 mL of
nitricacid, 4 mL of hydrofluoricacid,and 40 mL of deionized
water were utilized as an etchant after polishing. EDX
measurements were performed on a Zeiss (Germany) EVO

LS-15 scanning electron microscope (SEM) and analyzed
with Oxford Instruments® Aztec software (version 6.2). Ni
content was measured by the map spectrum over an area
1.8 x 2.2 mm? (magnification 150x) near the center of
vertical sections of selected specimens. Statistical analysis
of RD, DSC, and XRD data was performed using Microsoft
Excel (version 2506) and Minitab (version 22.1).

Micro-computed tomography (CT) for porosity
measurement was performed using a GE Phoenix V|tome|x
(Waygate Technologies, Germany) device on a central
section measuring 2 x 2 x 2 mm® of six selected specimens
representing low, nominal, and high RD. Measurement
resolution was 10 um, and 600 images were taken per scan.

XRD measurements were performed on an Anton Paar
(Austria) XRDynamic 500 for phase identification between
20 35° and 80°, using a copper K-alpha X-ray source with
a wavelength of 1.5406 A. Specimens were sectioned
parallel to the build direction (vertical plane), and ground
and polished, such as the SEM-EDX specimens. Relevant
NiTi crystal structures from the Crystallography Open
Database® were used for indexing the XRD spectra.
Quantitative spectral analysis of phases and their volume
fractions was achieved by Rietveld refinement using the
FullProf software (version April 2024), integrated into
the Match! software (version 4.1).*! From this data, the
percentage phase composition was calculated.

3. Results
3.1. Powder characterization

Scanning electron microscopy micrographs for each of the
powder batches are presented in Figure 2, demonstrating
good sphericity for all powders, both before and after
mixing. PSD results for the powder batches are presented
in Figure 3, confirming closely matched powder PSDs
for Ni and Ti in each batch. The d,-d, -d,, for Ni and Ti

for Ni, +Ti, and Ni_ +Ti, measured 21-32-49 um and
33-47-65 wm, respectively.

Powder flow fluidity and bulk density (FT4) as well as
dynamic flow and cohesive measurements (Granudrum)
are presented in Figures 4 and 5, respectively. BFE,
measured using the FT4, for batch Ni +Ti, was 656 m]J
compared to 595 mJ for batch Ni  +Ti,. Similarly, SE
was higher for batch Ni +Ti, at 3.28 mJ/g compared to
2.58 m]J/g for Ni +Ti . Within each batch, the FT4 basic
flow energy for the Ni powder, which averaged 972 m]
across both batches, was significantly higher than for the Ti
powder, which averaged 398 m] across both batches. The
conditioned bulk density of batch Ni +Ti, at 3.75 g/mL
was marginally lower than for batch Ni , +Ti , at 3.88 g/mL.
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Figure 2. Scanning electron microscopy micrographs of the powders. (A) Ni, (B) Ti, (@) Ni +Ti, (D) Ni, (E) Tig» and (F) Ni
100 um; magnification: 500x.
Abbreviations: Ni: Nickel; Ti: Titanium.
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Figure 3. Particle size distributions of the powders used in this study. I situ elementally blended (A) Ni +Ti and (B) Ni, +Ti .
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Figure 4. Powder FT4 fluidity characterization results. (A) Basic flow energy (BFE), (B) specific energy (SE), and (C) conditioned bulk density (CBD).
Abbreviations: Ni: Nickel; Ti: Titanium.

The BFE and SE measurements for the Ni powders were The dynamic angle of repose on the Granudrum

significantly lower than those of their corresponding Ti device was similar for both the Ni and Ti powders across
powders of the same nominal size range. the full range of speeds tested (Figure 5B). The measured
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and Ni +Ti,. (A) Cohesive index and (B) dynamic angle of repose.

Abbreviations: Ni: Nickel; Ti: Titanium.

CI as a function of rotating speed, for Ni-Ni, Ti-Ti, and
Ni-Ti particle interactions, is presented in Figure 5A. At
all rotating drum speeds, the CI for Ti-Ti interactions was
significantly higher than that of the Ni-Ni interactions. At
a rotating drum speed of 11.4 rpm, which corresponds
most closely to the deposition arm speed of 50 mm/s as
discussed earlier, the CI for the Ti-Ti powder particle
interaction was 1.62 times higher than the Ni-Ni powder
particle interaction, indicating significantly higher
interparticle cohesive forces for the Ti than for the Ni
powder. The CI recorded for the blended Ni-Ti batch was
close to the average of the Ni-Ni and Ti-Ti measurements.

3.2.RD

Average RD was measured, and standard deviation was
calculated for each of the four trials (Figure 6), for each
column (Figure S1), and for each row (Figures 7 and S2).

Average RD for the three trials with batch Ni_+Ti
(PSD d_ = 32 um) did not vary significantly from each
other, measuring 98.6%, and ranging from 97.7% to 99.4%
across the three runs (Figure 6). Standard deviation of RD
for each of these three trials was 0.39% for Layout A, 0.44%
for Layout B, and 0.26% for Layout C.

Average RD for the trial from batch Ni +Ti,
(PSD d, = 44 um), was significantly different from batch
Ni(i)+Ti(i), and measured 97.1%, ranging from 96.2% to
98.5%. The standard deviation for this trial was the highest
of all the trials at 0.59%.

An analysis of RD trends by column position
(Figure S1) revealed no correlation with RD. Standard
deviation across the seven columns for each trial averaged
0.41% for batch Ni +Ti, Layout A, 0.44% for batch

Ni+Ti, Layout B, 0.27% for batch Ni, +Ti  Layout C, and

100.0
99.5
99.0

98.5 - I J

98.0

97.5 [
97.0 - J
96.5 -

96.0

——

Relative density (%)

95.5 4

95.0

A B o D
Batch and layout

Figure 6. Average relative density for each run. (A) batch Ni_+Ti,
layout A, (B) batch Ni,+Ti layout B, (C) batch Ni,+Ti layout C, and
(D) batch Ni, +Ti layout A.

Abbreviations: Ni: Nickel; Ti: Titanium.

0.62% for batch Ni, +Ti Layout A

of RD trends by row position
(Figures 7 and S2) revealed a consistent correlation between
RD and row position within each layout. With reference to
Figure 1, this indicates that the build position concerning
powder deposition distance has significantly impacted RD.
Standard deviation by row for each trial averaged 0.19% for
batch Ni +Ti, Layout A, 0.29% for batch Ni+Ti_ Layout
B, 0.15% for batch Ni+Ti, Layout C, and 0.22% for batch
Ni +Ti, Layout A.

An analysis

RD variation was observed to be influenced by the
powder bed substrate, showing distinct RD patterns:
Regions where the deposition arm had travelled over
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Figure 7. Relative density by row. (A) blue and green regions, batch Ni, +Ti layouts B. (B) Orange regions, batches Ni +Ti; andNi +Ti, layout A.

Abbreviations: Ni: Nickel; Ti: Titanium.

predominantly printed specimens (orange and green
regions, Figure 1) differed from those where it traveled over
mostly unmelted powder before reaching the specimens
(blue region, Figure 1). Figure 7A compares the RD pattern
of the blue and green regions for batch Ni +Ti, and
demonstrated that by the time the powder is deposited at
Row 4, a significant difference has emerged in the RD of
the two regions, with Row 4 of the green region having
an average RD of 99.0% (o = 0.11%) and Row 4 of the
blue region having an average RD of 98.2% (o = 0.36%).
Furthermore, RD for the green and blue regions exhibited
opposite trends between Rows 4 and 7: in the green region,
RD at Row 6 decreased to 98.4% (G = 0.10%), whereas in the
blue region, RD at Row 6 increased to 99.2% (6 = 0.11%).

RD variation was also observed to be influenced
by average particle size. Figure 7B reveals a significant
difference in the RD distributions of the orange region
for batch Ni +Ti, compared to the orange region for
batch Ni(ﬁ)+Ti(m. Specifically, RD in Row 1 was lower for
Ni +Ti; than for Ni +Ti,. Ni_+Ti, also exhibited a
significantly wider range of RD variation than Ni +Ti
This is most notable between Row 1 and Row 2, where RD
is unchanged at 98.2% (0 = 0.33% and ¢ = 0.20% for Row
1 and 2, respectively), whereas RD for Ni , +Ti decreased
from 97.5% (6 =0.37%) t0 96.5% (0 = 0.18%). Both batches
showed an increasing trend in RD between Rows 2 and 4,
with RD =99.0% (o = 0.13%) at Row 4 for batch Ni(i)+Ti(i),
and RD = 97.2% (6 = 0.13%) at Row 4 for batch Ni(m+Ti(m.

3.3. Chemistry

Ni composition measurements, based on EDX map spectra
as described above, on 50 selected specimens divided equally
between both powder batches, averaged 49.4%at., varying
from 47.7%at. to 51.6%at. A regression analysis of RD against
Ni content for these specimens is presented in Figure 8,

Ni content %at. = - 65.89 + 1.183 relative density (%) Ld
52 S 0.584865

R-Sq 75%

R-Sq(adj) 74.5% ® e ®

51

Ni content %at.
g

49

48

96.0 96.5 97.0 97.5 98.0 98.5 99.0 99.5
Relative density (%)

Figure 8. Correlation between nickel content and relative density for
in situ alloyed specimens, combining batches Ni_ +Ti, and Ni +Ti
Abbreviations: Ni: Nickel; R-sq: R-squared; Ti: Titanium.

(ii)

demonstrating a strong positive correlation with a Pearson
coefficient of R = 0.87 and an R? coefficient of 74.5%.

3.4. Micro-CT analysis

Density based on porosity measurements from micro-CT
scans for the six selected specimens ranged from 99.31%
to 99.97%. As stated earlier, these specimens represented
the lowest, highest, and nominal RD, as measured by
the Archimedes method. Figure S3 shows the micro-CT
density results plotted as a function of Archimedes’ RD and
demonstrates no correlation between the two attributes.
This indicates that the variation in RD across the specimens
is primarily driven by Ni content and not porosity.

3.5. Phase transformation

Phase transformation temperatures, hysteresis values,
ranges, and enthalpies are summarized in Table 1 and
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Figure 9. Phase transformation characteristics for powder batches Ni, +Ti and Ni +Ti . (A) Heating cycle transformation temperatures and ranges,
(B) cooling cycle transformation temperatures and ranges, (C) hysteresis values, and (D) enthalpies.

Abbreviations: A: Austenitic finish temperature; A : Austenitic peak temperature; A : Austenitic start temperature; E : Cooling cycle (exothermic) phase
transformation enthalpy; E,: Heating cycle (endothermic) phase transformation enthalpy; M;: Martensitic finish temperature; M,: Martensitic peak
temperature; M : Martensitic start temperature; Ni: Nickel; Ti: Titanium.

Table 1. Differential scanning calorimetry data for the elementally mixed powders for the low and high particle size distributions

Temperature Batch M, M-M, Mp A, A-A, AP A-M, E_(J/g) E, ()/g)
Average (°C) Nim+Ti(i) 62.1 19.2 57.4 71.2 20.5 84.4 29.5 3.4 3.2
Ni, +Ti, 64.1 22.1 58.0 60.9 32.6 86.2 32.6 9.9 9.7
Minimum (°C) Ni(i)+Ti(i) 60.2 13.5 53.8 68.7 18.4 82.0 28.3 1.4 1.3
Ni(m+Ti(m 63.3 18.2 54.0 54.2 24.3 84.7 24.3 5.1 5.0
Maximum (°C) Ni(i)+Ti(i) 63.5 28.5 58.7 73.4 22.5 85.9 30.8 8.7 8.4
Ni . +Ti 64.9 25.9 60.4 70.0 38.8 87.6 38.8 15.5 14.9

(ii) (ii)

Abbreviations: A: Austenitic finish temperature; A, : Austenitic peak temperature; A : Austenitic start temperature; E : Cooling cycle (exothermic) phase

transformation enthalpy; E, : Heating cycle (endothermic) phase transformation enthalpy; M: Martensitic finish temperature; M, : Martensitic peak
temperature; M : Martensitic start temperature; Ni: Nickel; Ti: Titanium.

illustrated in Figure 9. Martensitic start, martensitic peak,
martensitic finish, austenitic start, austenitic peak, and

average of 62.1°C with a min-max range of 60.2°C-63.5°C
for Ni +Ti,, and an average of 64.1°C with a min-max

austenitic finish temperatures are represented by M, M,
M, A, A, and A, respectively. Cooling cycle (exothermic)
and heating cycle (endothermic) phase transformation
enthalpies are represented by E_and E,, respectively. M_
and M did not vary significantly, with M measuring an

range of 63.3°C-64.9°C for Ni , +Ti The widths of the
martensitic transformation curves (M -M,) were 19.2°C
for Ni +Ti, and 22.1°C for Ni, +Tii . The widths of the
austenitic transformation curves (A -Af) were 20.5°C for
Ni +Ti and 32.6°C for Ni,, +Tii . There was a significant

Volume 1 Issue 3 (2025)

doi: 10.36922/ESAM025340020


https://dx.doi.org/10.36922/ESAM025340020

Engineering Science in
Additive Manufacturing

Impact of powder distribution on segregation

difference in average A and standard deviation between
the two batches, with average A = 71.2°C (o = 0.98) for
Ni +Ti, and 60.9°C (6 = 4.02) for Ni, +Ti . Ap did not
vary significantly across all specimens for both batches,
from a minimum temperature of 82.0°C to a maximum
temperature of 87.6°C.

Figure 10 shows the DSC transformation curves for
selected specimens, representative of the median enthalpy
for each batch. All specimens exhibited direct phase
transformations on heating (M-A) and cooling (A-M)
cycles, with no evidence of secondary R-phase. As shown in
Table 1,average cooling and heating enthalpy values for batch
Ni +Ti, were 3.4 ]/g and 3.2 J/g, respectively, considerably
lower than the corresponding values for batch Ni, +Ti , at
9.9]/gand 9.7 J/g. There was considerable variation in phase
transformation enthalpy within each batch, with cooling
enthalpy for Ni +Ti  ranging from a minimum of 1.4J/g to
amaximum of 8.7 J/g. For batch Ni , +Ti ; cooling enthalpy
varied from a minimum of 5.1 J/g to a maximum of 15.5J/g.
In general, transition enthalpy changes were 1%-5% higher
in the cooling cycle than in the heating cycle. The enthalpy
values were influenced by specimen position and were
strongly negatively correlated with RD. The regression plot
in Figure 11 has an R? coefficient of 88%.

3.6. XRD phase analysis

Analysis of XRD results using Rietveld refinement across
13 specimens, selected for high, low, and nominal phase
transformation enthalpy across both batches, indicated
that at room temperature, more than 95% of the area
fraction in all specimens consisted of a mixture of two
phases, austenite B2 and martensite B19’ Figure 12 shows
representative XRD plots for low, nominal, and high
enthalpy. The area fraction of B19” varied from 9% to 63%
and was positively correlated with phase transformation
enthalpy, as shown in Figure 13.
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Figure 10. Differential scanning calorimetry curve for selected median specimens. In situ batch (A) Ni +Ti

Abbreviations: Ni: Nickel; Ti: Titanium.

Heat flow (W/g)

3.7. Microstructure

A multi-modal grain structure was observed in all
specimens, as demonstrated in Figure 14. This consisted of
near-equiatomic (Ni = 48%at. to 52%at.) coarse columnar
grains, approximately 50 um-150 um in size, interspersed
with clusters of Ni-poor (Ni = 45%at. to 48%at.) equi-axed
grains <2 um in size and Ni-poor dendritic grains up to
5 um in length. Regions of unmelted or partially melted Ti
(Ni < 10%at.) and coarse Ti Ni precipitates (Ni = 33.3%) up
to 30 um in size were also present.

4. Discussion
4.1.RD

The positive correlation between Ni content and RD
(Figure 8) and the absence of any correlation between
density measured by micro-CT porosity and RD, as
measured by Archimedes (Figure S3), indicate that the
patterns in RD in Figure 7 are primarily attributable to
chemistry variation. Chemistry variation may be due
to one or both of two factors: Variation in particle size
throughout the powder bed, which impacts chemical
homogeneity, and melt pool size and temperature, causing
variations in the rate of Ni evaporation,* or segregation of
the Ni and Ti particles during deposition on the powder
bed. The repeating trends in RD for each row in all four
trials (Figure S2), in the direction of powder deposition,
and the absence of any corresponding trend by column
(Figure S1), indicate that RD variation is attributable to
powder deposition patterns as a function of distance from
the start position of the spreader arm.

Regarding Figure 7, the segregation patterns by row
number, as defined in Figure 1, follow consistent non-linear
patterns. For powders melted in Rows 1-4 (green and orange
regions), there was a decrease in RD followed by an increase
between Rows 2 and 4, and a decrease between Rows 4 and

0.2+

Cooling

=]
1

o
(=]
1

Heating
=0.14

=02 T T T 1
=200

Temperature (°C)

o and (B) Ni,+Ti.
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Figure 11. Phase transformation cooling enthalpy versus relative density,
combining batches Ni +Ti, and Ni_+Ti .
Abbreviations: Ni: Nickel; R-sq: R-squared; Ti: Titanium.

7. For unmelted powders in Rows 1-3 (blue region), there
was an increase in RD from Rows 4 to 6, followed by a
slight decrease between Rows 6 and 7. This indicates that
the substrate over which the powder travels (melted versus
unmelted regions) impacts deposition patterns.

The effect of the substrate on powder deposition
patterns can also be assessed by comparing the standard
deviation in RD across the layouts. Batch Ni, +Ti Layout
C had the lowest standard deviation of the four trials,
indicating that the rate of segregation between Ti and
Ni over powder bed regions with the highest fraction of
melted powder and smoothest substrate is lower than for
regions containing higher fractions of unmelted powder.
This may be attributable to lower friction resistance against
the movement of the powder arm over smoother areas
with higher fractions of melted powder.

Powder flow in LPBF is controlled by competing factors,
including a cohesive effect due to interparticle forces and
a geometric effect due to spreader arm clearance with the
powder particles.’® It is known that for particles below
100 wum in size, the ratio of interparticle forces to gravity,
known as the Granular Bond number, B, is negatively
correlated with flowability,”® and can be expressed as
Equation II**:

E

< (1D

B =—
Fw

0

where F_ is the inter-particle cohesive force and F,
is the gravimetric force. F_ is directly proportional to
the CI for each bulk powder interaction.*® Furthermore,
because the PSDs of the batches of Ti and Ni powders are

closely matched for each blend (Figure 3), F, is directly
proportional to the density of each material. The ratio
between the bond numbers B_ and B_, for the Ti-Ti and
Ni-Ni powder interactions, respectively, can therefore be
expressed as Equation III:

BOT:' _ CI’I: .pNx'
B

oN;

(IIT)
CINx *Pr,

The dynamic flow results from the GranuDrum trials
(Figure 5A) demonstrated that the ratio of the interparticle
cohesive forces, CI.: CI, at rotating speed corresponding
to the deposition speed in the trials (11 rpm/50 fpm) is 1.63.
The gravimetric force ratio p: p,, = 8.89: 4.51 = 1.97.4%
Multiplying the CI: CI by the gravimetric force ratio
PP, gives 3.2, meaning the Bond number of the Ti-Ti
powder interaction is 3.2 times higher than that of the
Ni-Ni powder interaction, and the two materials are likely
to spread at different rates and segregate within the powder
bed. The dynamic flow CI results for the Ni-Ti blend
indicate that the Ni-Ti interparticle cohesion is an average
of the Ni-Ni and Ti-Ti interparticle cohesion.

Powder deposition patterns are also influenced by the
PSD range, with smaller particles being deposited closer to
the start position of the deposition arm sweep than larger
particles, as demonstrated by Mussatto et al.?®

The higher variation in RD and lower overall average
RD of Ni, +Ti compared to Ni_ +Ti  (Figure 6) can be
partly explained by the larger particle size in the former,
leading to larger melt pools and longer homogenization
times, increasing Ni evaporation’ and chemical
inhomogeneity.'*** Another reason for the higher variation
in RD within the batch with the larger particle size is the
effect of the ratio between layer thickness and d, particle
size on flowability.”” Ahmed et al.** found that flowability
improved as this ratio increased, with optimum flowability
occurring at a ratio of 2.5 or greater.” The ratio between
layer thickness (t = 60 um) and d,; particle size is 0.92
for Ni +Ti, and 1.22 for Ni +Ti , indicating reduced
flowability for the former, which is most likely linked to an
increased rate of particle segregation. Another factor that is
likely contributing to increased variation in RD Ni +Ti
compared to Ni,+Ti,, based on earlier observations
of higher powder segregation over substrates of higher
roughness, is that the larger powder particles are creating a
rougher substrate than the smaller particles.

The higher FT4 BFE and SE for Ni +Ti relative to
Ni +Ti, (Figure 4A and B) are likely attributable to the
wider PSD span and higher fraction of fine powder of the
former.*® Despite the higher flow energy, the lower overall
segregation rate within Ni, +Ti indicates that FT4 bulk
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Figure 12. X-ray diffraction plots of selected specimens. (A) Low cooling enthalpy and low martensite area fraction, (B) nominal cooling enthalpy and
nominal martensite area fraction, and (C) high cooling enthalpy and high martensite area fraction.
Abbreviations: Ni: Nickel; Ti: Titanium; XRD: X-ray diffraction.
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Figure 13. Phase transformation. (A) Cooling enthalpy versus martensite and (B) cooling enthalpy versus austenite area fractions of selected specimens
calculated by Rietveld analysis of X-ray diffraction data.
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Figure 14. Representative vertical cross-section and energy-dispersive X-ray spectroscopy map spectra results for the vertical cross-section of an in situ

alloyed specimen. Batch Ni

@

magnification: 4000x) of the identified region in (A).
Abbreviations: Ni: Nickel; Ti: Titanium.

flow energy characteristics, as measured, within the ranges
tested, have a lesser influence on powder flow segregation
than the other factors discussed above. In summary, the
segregation patterns of the Ni and Ti powders in the

PSD.

+Ti“) at (A) low magnification (Scale bar: 30 pum; magnification: 1000x) and (B) a higher magnification (Scale bar: 10 um;

LPBF powder bed are primarily affected by differences in
material density, interparticle cohesive forces, the substrate
over which the powder travels during deposition, and the
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4.2. Phase transformation behavior

The variation in phase transformation enthalpy as a function
of RD/Ni content (Figure 11) is a remarkable feature of the
results. Phase transformation enthalpy AH_  is made up
of chemical, AH_, elastic, AH, , and surface friction, AH_,
components, in accordance with Equation IV.*

AH,,, = AH_, +AH, +AH (V)

The chemical driving force, AH_,,, generates reversible
transformation energy and depends on the volume fraction
of reversible NiTi.** XRD analysis (Figure 12) indicated the
presence of both B19’ martensite phase and B2 austenite
phase at room temperature, with varying relative area
fractions. The positive correlation between the calculated
area fraction of B19’ and phase transformation enthalpyin
Figure 13 indicates that the B19’ area fraction is providing
the chemical driving force for phase transformation
behavior. The negative correlation between the B2 area
fraction and phase transformation enthalpy indicates that
the driving force of the B2 microstructure may be more
significantly inhibited bylocalized chemical inhomogeneity
than that of the B19’ microstructure. Furthermore, the
high phase transformation temperatures are consistent
with a dominantly martensite microstructure,* indicating
the absence of any significant driving force from the B2
fraction.

The elastic strain energy component, AH_ , of the phase
transformation enthalpy is necessary to accommodate
transformational shape and volume changes. Increased Ni
content increases density, which causes decreased elastic
strain energy.*”' The strong negative correlation between
enthalpy and RD (Figure 11) and the strong positive
correlation between Ni content and RD discussed above
(Figure 8) indicate that variation in Ni content is likely
to significantly cause the observed variation in enthalpy
within each trial. Furthermore, these correlations indicate
that the lower average Ni content of batch Ni +Ti
relative to Ni,+Ti, is likely to be a significant reason for
the former’s higher average enthalpy.

The frictional energy component, AH_, of the phase
transformation enthalpy, represents energy dissipated to
overcome frictional barriers during heating or cooling,
and is a measure of the hysteresis, which can be measured
from the DSC transformation temperature data as A -M_.*
The difference in hysteresis between the two batches is
relatively small (Table 1 and Figure 9C), with a value of
29.5°C for Ni +Ti, and a value of 32.6°C for Ni_ +Ti,
indicating that frictional losses may be marginally greater
for Ni, +Ti .

In summary, the recorded variation in phase

transformation enthalpy can be primarily attributed to

the chemical driving force from NiTi existing as B19” at
room temperature, and variations in elastic strain energy
negatively correlated with RD and Ni content. While the
austenite phase transformation has to occur when the
martensitic phase transformation occurs, the martensitic
phase transformation is regarded as more important for
contributing to the enthalpy response than the austenitic
phase transformation (Figure 13). The variation in
frictional driving force, measured by thermal hysteresis
variation, is not significant.

Another noteworthy difference in the DSC curves
of the two powder batches is the width of the heating
transformation enthalpy curve A-A (Table 1). The
average A-A was 20.5°C for Ni +Ti  and 32.6°C for
Ni, +Ti. This indicates the likelihood of higher chemical
inhomogeneity in Ni +Ti  relative to Ni +Ti ,*** and
is consistent with the higher variation in Ni content and
RD that were measured in Ni  +Ti relative to Ni +Ti,
(Figures 6 and 7B).

The low variation in martensitic start temperature
across all tested specimens indicates low average overall
Ni content. It is well known that at Ni contents below
50%at., martensitic start temperatures vary negligibly.***
Average Ni content across the specimens, as measured by
EDX mapping, was 49.4%. Although regions of coarse
columnar with Ni content as high as 51.6%at. were
identified (Figure 14), it appears that such regions do not
contribute to phase transformation, and are likely to be
composed of high proportions of Ni-rich precipitates.
This is supported by the relatively low average phase
transformation enthalpies (3.4 J/g for batch Ni +Ti,
and 9.9 J/g for Ni(ii)+Ti(m). Phase transformation
enthalpies for LPBF nitinol from pre-alloyed powder
have been reported by Kordizadeh et al.** as 16-20 J/g>
and by Khanlari et al.*® as 13.8-15.7 J/g.*® Analysis of
the composition, size, and distribution of precipitates,
as well as their effect on phase change and enthalpies,
is beyond the scope of this work and is a recommended
area for future research.

4.3. Microstructure

The multi-modal grain patterns throughout the
microstructure (Figure 14) are evidence of a wide variation
in the driving forces for grain nucleation and growth.
Increased chemical inhomogeneity promotes increased
constitutional supercooling and increases the complexity of
phase transformation paths.” Higher non-uniform thermal
distribution in the melt pool leads to a larger surface tension
gradient, creating the conditions for increased Marangoni
flow relative to pre-alloyed powders.! Furthermore, the
highly localized nature of the Ni-Ti exothermic reactions
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within the rapid cooling environment is expected to cause
increased variation in thermal gradients.' The combined
effect of these driving forces results in a greater grain size
and morphology variety.

In summary, this study has established new insights
into powder segregation during in situ alloying within
the LPBF process and has found a direct link between
powder segregation during deposition and nitinol phase
transformation properties. The insights gained from this
work into the effect of particle size and build distribution
on properties will assist future studies in achieving
improved microstructural and chemical homogeneity of
in situ alloyed nitinol with tailored thermo-mechanical
performance.

5. Conclusion

Powder segregation patterns of Ni and Ti powders in the
LPBF process had a significant impact on RD and elasto-
caloric properties of in situ alloyed nitinol, with regions
of lower RD correlated with lower Ni content and higher
phase transformation enthalpies compared to regions with
higher Ni content. Powder segregation patterns between Ti
and Ni particles varied more for an elementally blended
batch with a d, -d, -d, PSD of 33-47-65 um than 21-32-
48 um.

The location and relative area fractions of unmelted
and melted powder, as determined by the build layout,
significantly impacted powder segregation patterns.
It was found that powder segregation rates between
Ti and Ni particles were higher for rougher substrates
containing higher amounts of unmelted powder than
smoother substrates containing higher amounts of melted
and solidified powder. Furthermore, the position of the
unmelted powder relative to the deposition arm sweep
impacted powder segregation patterns throughout the
build plate.

In addition to PSD and build layout, powder segregation
patterns in the LPBF deposition bed were also affected
by differences in material density between Ni and Ti and
interparticle cohesive forces. The findings of this work
concerning powder segregation within the LPBF process
have significant implications for in situ alloying of nitinol
and other alloys and can assist future studies in improving
microstructural and chemical homogeneity and tailoring
thermo-mechanical performance.
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scientific research of various domains, especially in the world of materials and
design. Machine learning (ML) algorithms enable researchers to analyze
extensive datasets on material properties and accurately predict their behavior in
different conditions. This subsequently impact the industry to leverage on big
data and advanced analytics to build scientific strategies, scale operational
performance of processes and drive innovation.
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