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REVIEW ARTICLE

Recent progress in electromagnetic microwave
absorption of additively manufactured carbon
fiber-reinforced polymer structures

Quanjin Ma'"®), Ke Dong'*(®), Feirui Li'*¥), Yanjie Wu?*?, Jing Tian?(®, Ming
Yu?®, and Yi Xiong'*

'School of Automation and Intelligent Manufacturing, Southern University of Science and Technology,
Shenzhen, Guangdong, China

28chool of Electronic Science and Engineering, University of Electronic Science and Technology of
China, Chengdu, Sichuan, China

3Department of Electronic and Electrical Engineering, Southern University of Science and
Technology, Shenzhen, Guangdong, China

Abstract

Recent advances in additive manufacturing have significantly expanded the design
and fabrication capabilities of carbon fiber-reinforced polymer (CFRP) structures,
particularly in the context of electromagnetic microwave absorption (EMWA).
This review provides a comprehensive overview of the current state of research
on EMWA properties of additively manufactured CFRP structures, focusing on
EMWA mechanisms, polymer material, and additively manufactured microwave
absorbers. Key topics include the EMWA mechanisms inherent to various fiber-
reinforced materials and the role of additive manufacturing processes in tailoring
EMWA performance. Moreover, the review paper summarizes the electromagnetic
characteristics of various fiber-reinforced materials and evaluates the microwave
absorption performance of additively manufactured absorbers, highlighting the
trade-offs between electromagnetic and load-bearing performance. Furthermore,
challenges and future perspectives are discussed to provide new insights into
enhancing EMWA and balancing EMWA with load-bearing capabilities. It explores
new possibilities for next-generation advanced additively manufactured CFRP
microwave absorbers that maintain excellent load-bearing properties.

Keywords: Electromagnetic microwave absorption; Microwave absorption mechanism;
Microwave absorber; Additive manufacturing; Microwave absorbing materials; Load-
bearing performance

1. Introduction

With the development of radar technology and increased utilization of electromagnetic
waves, the problem of electromagnetic pollution has grown more serious, necessitating
immediate redress. To reduce electromagnetic interference (EMI) in military, industrial,
and residential applications, itis imperative to develop novel materials for electromagnetic
microwave absorption (EMWA).! EMWA uses various materials, including carbon- and
ferrite-based materials, ceramic materials have recently drawn much interest because of
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their exceptional strength, chemical stability, lightweight
nature, and high-temperature resilience.”* Concerns
around EMI, or interference from electronic components
impacting the environment, have been raised owing to
the utilization of several electronic products.*” Due to
its low voltage and high integration, modern electronic
equipment is vulnerable to EMI, which can seriously
impair its functionality. For example, Shi ef al.® investigated
the 3D-printed carbon-based conformal EMI shielding
module for integrated electronics, which exhibited an
ultralight architecture (0.076 gm™) and remarkable
shielding effectiveness capability (61.4 dB). Furthermore, it
is impossible to ignore the possible harm to human health,
given the extensive usage of electronic devices. Therefore,
effective electromagnetic absorption (EMA) techniques are
essential to resolving these problems, and materials that
can absorb electromagnetic fields have attracted interest.!
These absorbed materials can reduce electromagnetic
waves by either reflecting them on their surface, absorbing
and dissipating them within the material, or using both
strategies, depending on their specific characteristics.’

A type of functional material that may absorb or
drastically reduce microwaves that shine on their
surfaces is known as microwave-absorbing material.
Functional material has been widely used in sensor design,
electromagnetic  protection, aircraft electromagnetic
stealth, and other areas.” Recently, many functional
materials that absorb electromagnetic radiation have
been studied."* For example, Zhang et al.'* proposed
the facile preparation strategy to construct 3D reduced
graphene oxide-supported N-doped carbon nanotube
(CNT) on reduced graphene oxide as multi-functional
materials, which showed a minimal reflection loss of
—33.2 dB at 13.3 GHz. Carbon fibers (CFs) and carbon-
based composites are superior microwave-absorbing
materials, which are lightweight, corrosion-resistant,
electrically conductive, environmentally stable, compatible
with mass production, and amenable to design freedom,
with examples including CE" graphene,'® carbon
black,”” and nanotube materials.'®* However, because of
its better dielectric qualities, CF materials have various
disadvantages, such as poor impedance matching, which
may perform better in microwave absorption since it does
not lose magnetic energy."” Consequently, the modification
of CF-reinforced polymer (CFRP) composites is the main
research interest in improving microwave absorption with
excellent mechanical performance.”® For example, Tang
et al.*' prepared lightweight zirconium-modified carbon-
carbon composites to improve oxidation resistance, which
reached a minimum reflection loss (RL_, ) of —61.1 dB.
The incorporation of zirconium can make the composites
exhibit better microwave absorption performance.

Many researchers are interested in additive
manufacturing to create materials that absorb microwave
radiation.”*?* These printable materials can be made by
attaching conductive films to the surface of the structure,
applying microwave-absorbing coatings, or incorporating
electrical or magnetic absorbers into the printing matrix.
Although its mechanical characteristics, shape memory
effects, and functional structures have been extensively
studied, several works have investigated microwave
absorption. For example, Gao et al.** performed the long
continuous CF (LCCF) to reach strong electromagnetic
performance and excellent mechanical strength. It
achieved broadband effective absorption (reflection loss,
RL < —10 dB) over the frequency range of 3.4 - 18 GHz
with maximum bending strength of 110.5 MPa. Therefore,
in microwave-absorbing materials, the CF-reinforced 3D
printing technique has great potential for research and
application.”® Multimaterial 3D printing has emerged
as a promising research direction for tailoring EMWA
properties by precisely controlling material composition
and structural design.>*** For instance, Zhang et al.”’
conducted multi-material fused deposition modeling
(FDM) to manufacture structural-functional integrated
absorbers with multiscale structures possessing tunable
broadband microwave absorption. It provides new insights
and a novel approach to the design and rapid fabrication of
lightweight structural absorbers.

Machine learning (ML) has emerged as a powerful
tool for optimizing multifunctional CFRP structures that
balance mechanical strength and EMA performance.®
Traditional trial-and-error approaches are often time-
consuming and limited in handling complex design
constraints.” ML algorithms, particularly deep neural
networks (DNNs) and genetic algorithm (GA)-based
optimization can efficiently explore vast design spaces
by correlating processing parameters, microstructural
features, and performance metrics.” For example, Wang
et al* developed the ML-based method for co-design
and optimization of microwave-absorbing/load-bearing
multifunctional structures. It was indicated that the
optimized multi-functional structure achieved more than
90% absorption in the frequency range of 2.5 - 18.0 GHz
and superior load-bearing performance. Zhang et al.*
investigated the evolutionary algorithm-based integrated
design of material-structural microwave absorption
on radiant honeycomb metastructure. It achieved the
integration of material functionality and structural design
and provided effective absorption across a broad frequency
range. The integration of additive manufacturing, advanced
materials, and ML-driven optimization holds great
promise for realizing multi-functional CFRP structures
with superior mechanical and EMA properties.
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This review article summarizes the EMWA properties
of CFRP composites, focusing on experimental research
and material design strategies. The paper also examines
key factors influencing mechanical and EMWA
performance, including CFRP preparation techniques,
fiber orientation, distribution, and volume fraction, as well
as methods to enhance microwave absorption capabilities.
A comparative analysis of various CFRP modification
approaches highlights the trade-offs between strategies,
offering insights into optimizing material properties for
specific applications. The review article also explores future
research directions to develop advanced CFRP-based
EMWA composites for industrial use, emphasizing the
potential to address current challenges and inspire further
innovation in high-performance EMWA materials.

2. Electromagnetic microwave absorption
mechanism

Figure 1 illustrates the reflection, refractive index, and
scattering of electromagnetic waves that strike an object’s
surface. The term “EMA material” is a classification
material that can both absorb and project electromagnetic
wave energy onto their surface and significantly
attenuate the energy received on their surface® It
reduces electromagnetic wave interference by reflecting,
refracting, and scattering little energy. Matching
properties and attenuation characteristics are the main
requirements for materials to achieve effective EMA.
The EMWA mechanism for fiber-reinforced polymer
constructions that are additively built is summarized in
Table 1.

2.1.Impedance matching

Equation I is typically used to compute the impedance
matching, which represents the human-emitted
electromagnetic wave’s capacity for reflection.
; 2
= &tanh{j[—ﬂ}/u,sr fd} (I)
\/ g, c

V4

o

Incident wave

Reflected wave

where Z is the input impedance, Z_ is the free-space
impedance, u_is the complex permeability, ¢ is the complex
permittivity, j is an imaginary unit, c is the speed of light
in vacuum, fis the frequency of the electromagnetic wave,
and d is the thickness of the EMA material.

2.2. Attenuation constant

The degree to which the EMA material can absorb the
electromagnetic wave is indicated by the attenuation
coefficient a, which shows the electromagnetic wave’s
attenuation ability per unit length. A significant
portion of the electromagnetic wave energy within
the targeted frequency range must be absorbed by the
EMA material and converted into other types of energy.
Typically, Equation II is used to calculate the attenuation
coeflicient:

o= _x/inf x \/(u"s —ue ) + \/(u"e —ue )2 - (,u"s +ue )2
(I1)

where felectromagnetic wave frequency, ¢ is the speed of
lightin a vacuum, ¢ is the real part of complex permittivity,
¢ " is the imaginary part of complex permittivity, u ' is the
real part of complex permeability, and 4 " is the imaginary
part of complex permeability.

2.3. Reflection loss

When waves are reflected, reflection loss takes place,
necessitating an effective shield to deflect most incident
electromagnetic waves. When charged particles in a
conductive substance interact with the electromagnetic
field, reflection loss results. The amount of loss energy
is correlated with the materials magnetic permeability
concerning a vacuum (x ) and electrical conductivity (o).
Generally, the percentage of electromagnetic waves that
result in reflection losses increases with an EMA material’s

electrical conductivity and decreases with its magnetic
permeability.

Second Reflected wave

Thickness
A———

absorp$
[

Perfect Reflection EReflection + Perfect Absorption :
¥ i Internal reflection

Reflection + Absorption +

Transmitted wave

Figure 1. Electromagnetic wave interaction and absorption mechanism.* Copyright © 2020 Elsevier. Reproduced with permission of Elsevier.
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Table 1. Summary of electromagnetic microwave absorption mechanism in additively manufactured carbon fiber-reinforced
polymer structures

Mechanism Description Typical Main parameters Advantages Limitations Optimization
type frequency strategies
range (GHz)
Impedance Minimizes reflection by Broadband Relative permittivity, Maximizes Sensitive to Graded porosity or
matching aligning material’s wave (2 - 18 GHz) permeability, microwave entry into frequency and multilayer designs
impedance with free thickness the material thickness variations
space
Attenuation ~ Measures the Varies Dielectric/magnetic ~ Stronger attenuation Balance with Optimizes carbon
constant microwaves lose energy loss, conductivity means better impedance matching fiber alignment and

in the material

absorption

infill density

Reflection loss

Quantifies the

Tunable for

Surface impedance,

A direct indicator

Requires precise

Designs metamaterial

microwave energy specificbands  thickness of absorption thickness control surfaces (honeycomb,
absorbed rather than performance pyramids)
reflected

Dielectric loss  Energy absorption Effective Dielectric loss Naturally high in Can cause an Adds nano-fillers like
through charge at higher tangent, conductivity CFRPs due to carbon impedance mismatch graphene; control
polarization and frequencies fibers fiber orientation
conduction

Magnetic loss Energy dissipation Bestat1-10 Magnetic loss Enhances Requires magnetic ~ Incorporates ferrite
through magnetic GHz tangent, resonance  low-frequency additives particles
interactions effects absorption

Interference  Cancels waves through ~ Narrowband Layer thickness, Enables thin Narrow effective Alternating layers

loss strategic phase (tunable) reflection phases absorbers bandwidth with precise thickness

differences

Abbreviation: CFRP: Carbon fiber-reinforced polymer.

2.4. Dielectricloss

Electromagnetic waves interact with a dielectric medium
to create carriers that can conduct electricity through
the material. Figure 2 shows internal dielectric current
and loss in various scenarios. When applied, an electric
field causes a conduction current, which causes electrical
energy to dissipate and dielectric losses. Displacement
or capacitance current is the phrase used to describe
the current that does not release energy when charged
geometrically. Polarization relaxation is associated with
the conduction current produced in an alternating electric
field by EMA materials with a particular conductivity. It
appears as a polarized effect inside the electric field and is
caused by the loss of polarization. Dielectric relaxation loss
(tgdrel) will occur if the polarization rate is slower than the
electric field fluctuation rate. The current is connected to
the free charge and results in losses as conductivity losses
(tgd,) are produced by the medium’s conductivity.

The net efficiency parameter of the energy transfer
process is the dielectric loss tangent angle (tand). The
greater tand, indicates enhanced coupling between
electromagnetic waves and the material within the
absorbing body, resulting in increased loss and improved
absorption performance.®® The relaxation process with
dipole and interfacial polarization is examined in the

relationship between ¢ and ¢&” to properly depict the
polarization relaxation impact in the electromagnetic
wave attenuation process. According to the classical Debye
theory using Cole-Cole images, each semicircle represents
one polarization relaxation phenomenon. Typically, the
polarization relaxation process is more robust when the
Cole-Cole semicircle is larger and the electromagnetic
wave is incident on the absorber surface.”” The dielectric
loss tangent is given by the ratio of the imaginary part
(e ") to the real part (¢ ') of the complex permittivity, as
expressed in Equation III.

tans, =5 (1)
‘e
2.5. Magnetic loss

In addition to dielectric losses, which indicate a material’s
ability to sustain amagnetic field withina medium, magnetic
loss is a crucial part of the electromagnetic loss process.
The primary cause of magnetic loss in the microwave range
is believed to be eddy current loss, which happens when
an external electric field transforms the work done on a
magnetic material into heat energy during magnetization
or demagnetization. Eddy current loss (Co), which is the
energy dissipation brought on by induced currents in a
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L Electromagnetic balance H

[ 5
- Migrating electrons
<« hopping electrons

Conductive network

Figure 2. Electromagnetic wave loss with various microwave mechanisms.* Copyright © 2021 The Chinese Ceramic Society. Reproduced with permission

of Elsevier.

magnetic conductor moving inside a fluctuating magnetic
field, may be calculated using Equation IV:

== 2mu u’oD’f (Iv)

By creating a magnetic field in the opposite direction of
the initial alternating current (AC) field, the eddy current
protects the magnetizing field inside the magnet and
exponentially reduces the strength of the AC field, which
ultimately results in the skinning effect. The magnetic loss
factor, which is based on the ratio of u’ to x", indicates
the capacity of a medium to retain a magnetic field. The
skinning depth of the material and magnetic loss factor
can be expressed as follows:

tgd =L (V)
u

5= |22 (VD)
[0)1le

where ¢ is penetration depth, w is angular frequency,
w=2wf, p is resistivity, and o is conductivity.

2.6. Interference loss

Interferometric loss is dependent on the idea that
electromagnetic waves interfere with one another and
cancel each other out, giving rise to a zero net return.
It places particular demands on the actual material.
Refraction and reflection occur when an electromagnetic
beam traveling in parallel hits a material’s surface. An
outgoing wave is produced from the surface of the material
by the lower metal plate reflecting the incident component
of the electromagnetic wave. The propagation direction of
the wave stays constant. Based on the absorbing material’s
quarter wavelength, the absorption principle states that
these waves cancel each other at this point, significantly
lowering the total reflected wave. The entering and
outgoing waves have a phase difference of precisely 180°
since the thickness of the absorbing material is equal to a
quarter wavelength. To enable better EMA characteristics
and cause the incident and reflected waves in the material
to be out of phase, the thickness t is set to be an odd
multiple of the quarter wavelength in the material.

t=n— VII
. (VID)
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PR (VIID)

m
1, |le

r

where t is the thickness of the material, A is the
wavelength of the material itself, and /, is the free space
wavelength. |z | and |¢ | are the moduli of relative magnetic
permeability #_and relative permittivity e, respectively.

3. Electromagnetic microwave
characteristics of various fiber-reinforced
materials

3.1. CF-reinforced composites

Because of their superior electrical conductivity, low
weight, and mechanical durability, CF-reinforced
composites have become very effective EMWA materials.
Dielectric loss and energy dissipation are improved by the
numerous internal reflections, and scattering of incident
electromagnetic waves is made possible by the high aspect
ratio and interconnected network of CFs. For example,
Elhassan et al*® investigated the efficient synthesis of
Fe,O,/PPy double-carbonized core-shell-like composite
for broadband EMA. It achieved exceptional EMWA
properties as a wide effective absorption band of 4.64
GHz and a minimum RL of —26 dB at 1.6 mm. Moreover,
randomly distributed CFs tend to produce greater isotropic
absorption, whereas aligned fibers can create anisotropic
electromagnetic responses,” which may be customized for
specific polarization-dependent applications.

Recent studies have concentrated on improving the
matrix composition and CF concentration for better
broadband absorption and impedance matching.” For
example, Tang et al* investigated the prominent fiber
orientation effect and enhanced the electromagnetic
wave anisotropic properties. Copper fibers with slender
dimensions form abundant, flexible, multisize equivalent
waveguide attenuator structures that promote vector
superposition and interference effects, exhibiting RL
peaks at 7 GHz and 12 GHz. Additive manufacturing is
frequently used to create these composites’ porous or
layered architectures, which further enhance performance
by adding more interfacial polarization sites and
impedance gradients. High-tech manufacturing methods
such as in situ polymerization and magnetic field-assisted
alignment are used to improve CF-reinforced absorbers’
reproducibility.

For structural applications where both load-
bearing capacity and stealth functioning are necessary,
CF-reinforced composites are especially appealing due
to their mechanical-electromagnetic performance.
The electromagnetic microwave absorption properties

of CF depend significantly on its type and structural
characteristics.” High-modulus CFs, with their highly
graphitic and ordered crystalline structure, exhibit strong
electrical conductivity, which tends to reflect rather
than absorb microwaves. In contrast, low-modulus
or polyacrylonitrile (PAN)-based CFs contain more
amorphous regions, reducing conductivity and enhancing
dielectric loss, making them more effective for absorption.
In addition, the physical form of the fiber plays a role—
continuous CFs reflect microwaves along their alignment,
while short-cut or randomly dispersed fibers improve
impedance matching and promote internal scattering,
increasing absorption. To optimize performance, CFs
are modified through oxidation, surface treatments, or
hybridization with magnetic particles like Fe;O4, which
combine dielectric and magnetic loss mechanisms for
broader absorption bandwidths.*

The key mechanisms governing microwave absorption
in CF include conductive loss, dielectric loss, and magnetic
loss, each playing a critical role depending on the fiber’s
composition and structure.”” Conductive loss dominates
in highly graphitic CFs, where free electrons interact with
electromagnetic fields, converting microwave energy into
heat—though excessive conductivity can lead to unwanted
reflection rather than absorption. Dielectric loss, more
prominent in disordered or functionalized CFs, arises from
dipole polarization and interfacial effects, enhancing energy
dissipation.* When combined with magnetic materials
like iron oxides or ferrites, magnetic loss further improves
absorption by introducing additional energy conversion
pathways. Effective microwave absorption ultimately relies
on balancing these mechanisms while optimizing impedance
matching to minimize surface reflection and maximize
penetration into the material.® While recycled or bio-
based CFs can enhance the sustainability of CF composites
without compromising electromagnetic performance, their
absorption bandwidth and intensity can be further increased
via integration with other lossy materials, such as magnetic
nanoparticles or conductive polymers.

3.2. CFs coated with other materials

Researchers have investigated covering CFs with magnetic
or conductive materials, such as metals, metal oxides, or
conductive polymers, to improve the EMWA performance
of CFs. These coatings improve microwave attenuation
by introducing extra loss mechanisms such as improved
conductivity, magnetic resonance, and interfacial
polarization. For instance, compared to uncoated CFs,
nickel-coated CFs are effective over a larger frequency
range because of the conductive nickel layer and its intrinsic
ferromagnetic characteristics, which cause dielectric and
magnetic losses.
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The homogeneity, adherence, and thickness of the
coatings are largely determined by the coating processes,
such as chemical vapor deposition, electrochemical
deposition, or electroless plating. While hybrid coatings
that combine conductive and magnetic materials, like
FeO,-polypyrrole multilayers, have shown synergistic
effects for broadband absorption, a thin and uniform nickel
coating on CFs has been demonstrated to achieve reflection
losses below —40 dB in the Ku-band. These coated CFs can
be further incorporated into polymer matrices through
additive printing to create intricate, lightweight absorbers
with specialized electromagnetic characteristics. Figure 3
illustrates the fabrication procedure of CFs coated with
other materials. It highlights four distinct coating strategies
for CFs, each optimizing EMA through tailored material
and structural modifications. The electroless FeCoNi-
plated CFs introduce magnetic loss via a uniform metallic
coating, ideal for low-frequency applications, whereas the
porous NC-Co0304/CF composites (Figure 3A). Figure 3B

A Carbon fibers Sn/Pd-Carbon fibers

®_ ¢ <.

Activation Plating

Sn/Pd-Carbon fibers

< 30 min i 30 min | pH 65 | gw;a.
| i ooy
|J%“ | 'ﬁ @?
L ) - ) B :

FeCoNi bath «.

to plating time

. according
SnCl, solution  PdCl, solution (5,15,30, 60, 90, 120 min)

Desized Carbon Fiber ZIF@CF CoNC@CF

Carbon fibers

presents nanoporosity and heterostructures to enhance
dielectric loss and bandwidth. The hierarchical CoNC®
CF-PLA composites stand out by integrating atomic-scale
magnetic sites with 3D-printed polymer matrices, achieving
deep absorption (—45 dB) through multi-scale design
(Figure 3C). In contrast, the CNT/CF and SiC, hybrids
prioritize high-frequency performance (CNTs) or thermal
stability (SiC,), demonstrating adaptability to operational
environments (Figure 3D). Comparatively, methods
shown in Figure 3B and C excel in broadband absorption
due to their porous and hierarchical architectures, whereas
those illustrated in Figure 3A and D provide specialized
solutions for magnetic or extreme-condition applications.
The progression from simple coatings (Figure 3A) to
complex multi-material systems (Figure 3C) underscores a
broader trend toward combining multiple loss mechanisms
and scalable manufacturing. These innovations collectively
expand the design space for CF-based absorbers, balancing
performance, durability, and manufacturability.
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Figure 3. Fabrication procedure of CFs coated with other materials: (A) CFs prepared by electroless FeCoNi-plating.* Reproduced under the terms and
conditions of the Creative Commons Attribution (CC BY) license. (B) Porous NC-Co,0,/CF composites.*> Copyright © 2017 American Chemical Society.
Reproduced with permission of the American Chemical Society. (C) CONC®CF-PLA composites with the hierarchical nanostructure.* Copyright © 2022
Elsevier. Reproduced with permission of Elsevier. (D) CNT/CFs and SiC, fibrous materials.*® Copyright © 2023 Elsevier. Reproduced with permission of
Elsevier.

Abbreviations: CF: Carbon fiber; CNT: Carbon nanotube.
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3.3. CF-based hybrid materials

The capacity of CF-based hybrid materials to combine the
structural advantages of CFs with the benefits of numerous
functional fillers has drawn much attention owing to their
EMWA properties. These hybrids exploit the synergistic
effects between several loss processes, such as magnetic
resonance, dipole polarization, and conductive networks,
to achieve excellent broadband absorption. A multiscale
conductive network produced by CFs hybridized with
CNTs or graphene sheets improves dielectric loss
across a broad frequency range by enhancing interfacial
polarization and electron hopping.

Strategic filler distribution and alignment are frequently
used in the design of CF-based hybrid materials to maximize
impedance matching and reduce reflection. These hybrids’
spatial organization can be precisely controlled through
additive manufacturing processes, resulting in graded or
patterned structures that improve wave attenuation. There
is increasing promise for high-performance, customizable
CF-based hybrid absorbers as the development of additive
manufacturing. The creation of multipurpose hybrids with
energy-absorbing or self-sensing properties creates new
possibilities for intelligent electromagnetic protection
systems. These cutting-edge materials make next-
generation EMWA systems with previously unheard-of
performance characteristics possible.

3.4. Hollow- and porous CFs-based materials

The structural properties of hollow and porous CFs (PCFs)
have made them novel materials for EMWA properties. To
improve impedance matching with free space, these fibers
hollow cores and porous walls produce a large surface area
and several air-material contacts, increasing dielectric loss
and decreasingthe effective permittivity. Hollow CFs packed
with magnetic nanoparticles or lightweight conductive
polymers have shown remarkable absorption capabilities.
For instance, Tan et al¥ investigated CNTs/CNFs®CF
construction of 3D network hierarchical structures toward
multiple synergistic losses. The minimum RL was achieved
at —66.00 dB at 1.00 mm, and the maximum effective
absorption bandwidth was 4.48 GHz at 1.29 mm. It implies
a good prospect for the continuous large-scale preparation
of ultrathin and efficient electromagnetic wave absorbers.

Template-assisted techniques, chemical activation, or
controlled pyrolysis of polymer precursors are commonly
used to manufacture hollow and PCFs. Porous CF designs,
including lattice or foam-like structures, may now be
precisely designed thanks to recent developments in
additive printing, further optimizing electromagnetic
wave attenuation. Through the creation of incremental
permittivity transitions, 3D-printed PCF-reinforced

composites with graded porosity minimize surface
reflections and demonstrate broadband absorption. The
addition of supplementary fillers to the porous framework,
like graphene oxide or MXenes, improves interfacial
polarization and conductivity loss. Figure 4 presents
the fabrication procedure of hollow- and PCFs-based
composite materials, each tailored for enhanced EMA
through distinct structural and compositional strategies.

In Figure 4A, Co,0,/carbon composite nanofibers
is produced via electrospinning and carbonization,
where cobalt oxide nanoparticles embedded in carbon
nanofibers (CNFs) introduce magnetic loss and interfacial
polarization. In contrast, Figure 4B shows the creation of
Fe/Fe;0./C hollow fibers, leveraging a sacrificial template
to form a hollow core, which improves impedance matching
and reduces density while the iron-based components
enhance magnetic loss. In Figure 4C, hierarchical porous
carbon nanofibers are fabricated using CaCO; as a
porogen, resulting in multiscale porosity that optimizes
wave penetration and multiple scattering for broadband
absorption. In Figure 4D, silica nanoparticle templates and
selective etching are employed to produce N-doped porous
CFs, combining high surface area for dielectric loss with
nitrogen doping for improved conductivity. Comparatively,
Figures 4B and C demonstrate the excellent lightweight
designs and broadband performance due to their hollowand
hierarchical porous structures, whereas Figures 4A and D
depict the integration of magnetic or heteroatom-doped
functionalities. The choice of method depends on the target
application: the methods illustrated in Figures 4A and B
are ideal for magnetic-dielectric synergy, whereas those
in Figure 4C and D prioritize tunable porosity and surface
chemistry for tailored absorption properties.

Table 2 summarizes several electromagnetic microwave
characteristics of various CF-based materials, revealings
several essential trends in CF-based microwave absorbers.
Firstly, absorber thickness shows a clear correlation
with performance-thinner absorbers (1 - 2 mm) like
the SCF+TiO,/paraffin system achieve remarkable
RL_ of —46.3 dB, whereas thicker designs (4 - 4.5 mm)
generally show reduced effectiveness. Second, hybrid
systems incorporating magnetic materials with CF
demonstrate superior bandwidth performance, with CF/
CoFe,O, achieving an exceptional 6.48 GHz bandwidth
at —10 dB threshold. Third, paraffin wax emerges as a
particularly effective matrix material, which enables the
best-performing absorbers in the dataset, likely due to
its favorable dielectric properties and ability to disperse
fillers uniformly. It is shown that nanoscale modifications
(e.g., TiO, coating, MnO, nanowires) consistently enhance
absorption compared to plain CF with all nanowire-
modified systems achieving RL . below —28 dB. Notably,
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Figure 4. Fabrication procedure of hollow- and PCF-based composite materials: (A) Co,O,/carbon composite nanofibrous membrane.* Reproduced under
the terms and conditions of the Creative Commons Attribution (CC BY) license. (B) Fe/Fe,O,/C hollow fibers.*” Copyright © 2024 Elsevier. Reproduced
with permission of Elsevier. (C) Hierarchical PCFs.*® Copyright © 2016 Elsevier. Reproduced with permission of Elsevier. (D) PCFs.”! Copyright © 2018

Elsevier. Reproduced with permission of Elsevier.

Abbreviations: CNF: Carbon nanofiber; DMF: Dimethylfirmamide; PAN: Polyacrylonitrile; PCF: Porous carbon fiber; THF: Tetrahydrofuran.

the CF/CoFe,O, hollow fiber composite stands out
and combines broad bandwidth (6.48 GHz) with deep
absorption (-55.33 dB). It is suggested that combined
magnetic-hollow fiber architectures may represent an
optimal design approach. It is highlighted that the most
effective CF absorbers combine: (i) nanoscale surface
modifications, (i) magnetic component integration,
and (iii) optimized structural designs (hollow/porous
architectures), while maintaining relatively thin profiles
(<3 mm) for practical applications.

4. Electromagnetic microwave performance
of various additively manufactured
microwave absorbers

The field of fiber-reinforced polymer (FRP) absorbers has
undergone a transformative shift with the advent of the

additive manufacturing process, enabling the fabrication of
metastructures with unprecedented geometric complexity
and functional precision. Figure 5 presents the recent
progress on various designs on additively manufactured
fiber-reinforced polymer absorbers, from bio-inspired
configurations like bamboo-inspired metastructures to
mathematically optimized forms such as triply periodic
minimal surfaces (TPMS).** These architectures are
not merely aesthetic but engineered to enhance energy
absorption, vibration damping, and acoustic performance
by leveraging tailored stress distribution and resonant
frequencies. The laminate metastructure (LM)® and
conical absorbers, for instance, demonstrate how layered
and tapered geometries can progressively dissipate energy
under dynamic loads, whereas TPMS designs exploit their
high surface-area-to-volume ratios for multi-functional
applications.
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Table 2. Summary of electromagnetic microwave characteristics of various carbon fiber-based materials

Type Reinforcement/ Matrix Frequency range Bandwidth of RL  Minimum  Thickness References
Absorber configuration (GHz) <-10dB (GHz) RL (dB) (mm)
CF-reinforced SCF+TiO, Paraffin 2-18 24 -46.3 1.0 52
CNF Epoxy 82-124 2.2 -34 2.1 53
CF AIZO3 8.2-12.4 2.2 —42.5 1.6 54
CF-coated Chopped CF GGBFS/fly ash 82-124 4.2 —-41.63 2.0 55
CF ABS 2-18 6.6 —-40.9 2.2 56
CF+MnO,/PANI Paraffin 82-12.4 3.0 -23 2.5 57
CF+Ag/PANI Paraffin 82-124 2.2 -13.2 2.0 58
CF+MnO, nanowires Paraffin 2-18 3.84 -42.9 12 59
CF+CuO nanowires Paraffin 2-18 2.5 -28.8 1.7 60
CF-based hybrid CF/FeCo CF 2-18 2.87 -24.05 4.0 61
CF/Fe Paraffin 2-18 2.9 -36.98 1.8 62
Hollow or PCFs-based CF/CoFe,O, Paraffin 2-18 6.48 -55.33 2.42 63
CNFs/Co,0, Paraffin 2-18 6.3 -36.27 2.0 48
Ceiba fibers/Fe/Fe,O, Paraffin 2-18 3.26 -40.1 4.5 49

Abbreviations: CF: Carbon fiber; CNF: Carbon nanofiber; PANI: Polyaniline; PCF: Porous carbon fiber; RL: Reflection loss; SCF: Silica composite nanofibers.

A

Incident microwave Reflect microwave
(TE-polar)

z _— A W CFwire W CFRP back face sheet

EM wave

Figure 5. Recent progress on various designs on additively manufactured fiber-reinforced polymer absorbers: (A) Laminate metastructure (LM).®
Copyright © 2021 Elsevier. Reproduced with permission of Elsevier. (B) Bamboo-inspired metastructure.®” Copyright © 2023 Elsevier. Reproduced with
permission of Elsevier. (C) Conical structure absorber.” Copyright © 2024 Elsevier. Reproduced with permission of Elsevier. (D) Triply periodic minimal
surface meta-structure.® Copyright © 2024 Elsevier. Reproduced with permission of Elsevier. (e) Multiresonant metastructure.” Copyright © 2023 Elsevier.
Reproduced with permission of Elsevier. (F) Gradient metastructure.® Copyright © 2021 Elsevier. Reproduced with permission of Elsevier. (G) Helical
pattern metastructure.”” Reproduced under the terms and conditions of the Creative Commons Attribution (CC BY) license. (H) Different-sized tapered
hyperbolic metastructure.” Copyright © 2025 Nature Portfolio. Reproduced with open access of Nature Portfolio. (i) Modular metastructure.” Copyright
© 2023 Elsevier. Reproduced with permission of Elsevier. (G) Pyramidal array sandwich structure (PASS).*® Copyright © 2023 Elsevier. Reproduced with
permission of Elsevier. (K) Crisscross structure.”* Copyright © 2025 American Association for the Advancement of Science. Reproduced with open access
of the American Association for the Advancement of Science.
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A striking feature of these additive manufacturing-
produced metastructures is their ability to incorporate
functional gradients and multiresonant behaviors, as seen
in gradient metastructures and helical patterns.®® Such
designs allow spatially varying mechanical properties,
enabling targeted energy dissipation across different
frequency ranges or load conditions. For example, the
modular metastructure® and crisscross design highlight
the potential for scalable, reconfigurable systems that
can be adapted for specific industrial requirements. The
pyramidal array sandwich structure (PASS)® integrates
lightweight, high-stiffness cores with energy-absorbing
skins, a critical advancement for applications demanding
strength and weight efficiency.

Recent advances in  multimaterial  additive
manufacturing have opened new possibilities for
precisely controlling the electromagnetic wave absorption
characteristics of 3D-printed structures. By strategically
combining materials with different dielectric and
magnetic properties within a single structure, researchers
can create spatially graded impedance profiles that
significantly enhance broadband absorption performance.
Several promising techniques have emerged, including:
(i) Alternating deposition of conductive (carbon-filled)
and insulating polymer layers to create impedance-
matching transitions and multiple internal reflection
interfaces; (ii) localized incorporation of magnetic
nanoparticles (e.g., ferrites) in specific regions to introduce
magnetic loss mechanisms; and (iii) functionally graded
material distributions that provide smooth transitions
in complex permittivity. These approaches leverage the
unique capabilities of multimaterial extrusion systems or
polyjet printing technologies that can precisely deposit
different materials at voxel-level resolution. Experimental
studies have demonstrated that such multimaterial designs
can achieve reflection losses exceeding —40 dB while
maintaining structural integrity, representing a significant
improvement over single-material absorbers.

The field of multimaterial printed absorbers
presents several promising research directions that
remain underexplored. A key opportunity lies in
developing dynamic absorption systems where the
material composition or microstructure can be actively
reconfigured in response to external stimuli (e.g,
temperature, electric field, or mechanical stress). Another
frontier involves combining conductive polymers with
ceramic or elastomeric materials to create absorbers
with tunable properties under operational conditions.
ML-assisted design could play a crucial role in optimizing
these complex multimaterial architectures by predicting
the optimal spatial distribution of materials for target
frequency bands. In addition, the integration of embedded

functional elements (e.g., frequency selective surfaces or
resistive patterns) within multimaterial structures could
enable novel absorption mechanisms. As multimaterial
3D printing technologies continue to mature, they will
enable the creation of next-generation “smart” absorbers
with adaptive performance, opening new possibilities for
applications in reconfigurable stealth systems, tunable
EMI shielding, and intelligent anechoic coatings. The
combination of computational design tools, advanced
material systems, and high-resolution multi-material
printing capabilities represents a powerful approach to
overcoming traditional limitations in microwave absorber
design.

Figure 6 illustrates the results on electromagnetic
microwave performance and electric and magnetic field
distributions of additively manufactured microwave
absorbers. Recent advancements in additive manufacturing
have enabled the development of highly specialized
microwave absorbers with tailored electromagnetic
properties. These metastructures, including the bamboo-
inspired design, multiresonant configurations, and gradient
architectures, leverage geometric complexity to achieve
superior absorption performance across specific frequency
ranges. For instance, the bamboo-inspired metastructure®
mimics natural fibrous systems to optimize impedance
matching, whereas the multiresonant design’! incorporates
multiple resonant frequencies to broaden the absorption
bandwidth. The gradient metastructure® further refines
this approach by spatially varying its properties to create
a smooth transition in impedance, minimizing reflections
and enhancing energy dissipation. These innovations
highlight how bio-inspired and computationally optimized
designs can push the boundaries of microwave absorption,
offering solutions for applications ranging from stealth
technology to EMI shielding in sensitive electronic devices.
It has been shown that the field distribution analyses reveal
the structural features that control energy dissipation.
Cellular structures promote multiple scattering, gradient
designs enable progressive wave decay, and resonant
elements create localized field enhancement. The most
effective absorbers (Figure 6C, 6D and 6G) balance these
mechanisms, achieving both broadband performance
(>80% bandwidth coverage) and deep absorption
(>20 dB), with the gradient and honeycomb designs being
particularly noteworthy for maintaining performance.
These results collectively demonstrate that the additive
manufacturing process enables precise control over
electromagnetic field manipulation through hierarchical
and multimaterial architectures.

The electric-loss honeycomb metastructure (ELHM)*
and the double high-impedance surface-loaded honeycomb
(DHHC) structure” demonstrate the effectiveness of
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Figure 6. Results on electromagnetic microwave performance and electric and magnetic field distributions of recent additively manufactured microwave
absorbers. (A) Bamboo-inspired metastructure.®” Copyright © 2023 Elsevier. Reproduced with permission of Elsevier. (B) Multiresonant metastructure.”
Copyright © 2023 Elsevier. Reproduced with permission of Elsevier. (C) Gradient metastructure.®® Copyright © 2021 Elsevier. Reproduced with
permission of Elsevier. (D) Electric-loss honeycomb metastructure (ELHM).? Copyright © 2023 Elsevier. Reproduced with permission of Elsevier.
(E) Helical pattern metastructure.”” Reproduced under the terms and conditions of the Creative Commons Attribution (CC BY) license. (F) Modular
metastructure.” Copyright © 2023 Elsevier. Reproduced with permission of Elsevier. (G) Double high-impedance surface-loaded honeycomb (DHHC)
structure.” Copyright © 2023 Elsevier. Reproduced with permission of Elsevier. (H) Three-dimensional lossy dielectric metastructure.” Copyright © 2025

Elsevier. Reproduced with permission of Elsevier.

combining conductive and dielectric materials to achieve
high electromagnetic loss. The ELHM, for example, utilizes
ahoneycomb lattice infused with lossy materials to dissipate
microwave energy through electric and magnetic pathways.
Similarly, the DHHC structure employs high-impedance
surfaces to trap and attenuate incident waves, showcasing
how hybrid designs can enhance performance. The
helical pattern metastructure’ and the 3D lossy dielectric
metastructure’® further illustrate the role of geometric
anisotropy in manipulating electric and magnetic field
distributions. These designs improve absorption efficiency
and tunability, allowing engineers to tailor the response for
specific operational frequencies or polarization conditions.
Table 3 summarizes the electromagnetic microwave

performance of the recent additively manufactured
polymer composite absorbers, which shows an excellent
advantage of complex metastructure designs. The TPMS
metastructure achieves exceptional performance RL_  of
—47.60 dB with 3.3 mm thickness, whereas simpler conical
and pyramidal structures require much greater thicknesses
(20 - 21 mm) for comparable bandwidth. It is pointed out
that additive manufacturing process enables geometrically
optimized structures that maximize absorption efficiency
per unit thickness. Several designs achieve remarkably
wide bandwidths, particularly the circular metastructure
(polylactic acid [PLA]/conductive plastic) covering 16.3
- 543 GHz and the gradient metastructure reaching
5.1 - 40 GHz. This broadband capability stems from
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Table 3. Summary of electromagnetic microwave performance of recent additively manufactured polymer composite absorbers

Structural design Material Frequency Bandwidth Minimum Thickness References
range of RL<-10 RL (dB) (mm)
(GHz) dB (GHz)
Bamboo-inspired metastructure PEEK/FCIPs magnetic 2-40 3.2-40 =15 3 69
composite
Conical structure NFG/Si/Fe,O,/PF 2-18 3.55-18 -21.52 21 70
composite
Propeller-like structure Carbon 2-18 34-10 -10 10 77
black-polypropylene
composite
Triply periodic minimal surface PDCs-SiC/Si,N, 2-18 6.88 - 18 —47.60 33 64
metastructure composite
Multiresonant metastructure PEEK/FCIPs composite 2-30 2.8-30 -17.50 3-5 71
Gradient metastructure FCIPs-PEEK composite 2-18 5.1-40 <-15 10 66
Helical pattern metastructure Conductive-coated 2-20 8-184 <-10 3.2 72
continuous fibre
Modular metastructure Conductive ink/ABS 1-27 3.5-257 <-10 1.5 67
Circular metastructure PLA/conductive plastic 2-60 16.3 - 54.3 <-10 2.7 78
Pyramidal array sandwich PLA/CF-reinforced 4-18 4-18 =-10 13.5 68
structure plastics
Pyramid metastructure CNT®APP 2-18 2-18 -30 20 79
Flexible honeycomb absorber CF/PA/CIP composite 2-18 2.8-3.1, —47 2.8 80
51-18

Abbreviations: CF: Carbon fiber; CIP: Carbonyl iron particles; CNT: Carbon nanotube; FCIP: Flaky carbonyl iron particles; NFG: Natural flake
graphite; PA: Polyamide; PDC: Polycrystalline diamond composite; PEEK: Polyether-ether-ketone; PF: Phenol formaldehyde resin; PLA: Polylactic

acid; RL: Reflection loss.

either multiscale structural features or carefully designed
impedance gradients that address different frequency
ranges within a single component. It is demonstrated that
additive manufacturing enables unprecedented control
over both material composition and geometric design,
allowing engineers to overcome traditional performance
trade-offs in microwave absorber development.

5. Recent designs on integrated
electromagnetic microwave and load-
bearing performance of microwave
absorbers

Figure 7 presents recent designs on integrated
electromagnetic microwaves and the load-bearing
performance of recent additively manufactured microwave
absorbers. These innovative designs, including the ELHM,*
double high-impedance surface-loaded honeycomb
structure,”” and gradient metastructure,® represent a
paradigm shift in multi-functional material engineering.
The geometric diversity showcased spans from the octagon
loop with four diagonals® to the 3D honeycomb®* and tree-
shaped® configurations, demonstrating the computational
design and additive manufacturing enable the creation of

complex architectures optimized for dual functionality.
Particularly, these structures integrate electromagnetic loss
mechanisms (through conductive patterns or dielectric
compositions) with mechanical reinforcement strategies
(via honeycomb cores or biomimetic lattice arrangements),
which offers solutions for applications where space and
weight constraints demand multi-functional performance.

The electric-loss honeycomb (Figure 7A) and double
high-impedance honeycomb structures (Figure 7B)
exemplify the cellular architectures can combine substantial
compressive strength (1.41 kN load capacity and 6.09 MPa,
respectively) with broadband absorption, leveraging their
periodic geometries for both mechanical stability and wave
scattering. Gradient designs (Figure 7C) achieve progressive
impedance matching while maintaining structural integrity
(8.46 MPa compressive yield), illustrating the effectiveness
of gradual property transitions. More complex geometries
such as the octagon loop (Figure 7C) and TPMS-based
structures (Figure 7I) have shown exceptional performance,
with the octagon loop achieving exceptional 22.46 MPa
compressive strength alongside effective absorption,
and the TPMS design offering naturally optimized stress
distribution. Figure 7H demonstrates that the natural
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Figure 7. Recent designs on integrated electromagnetic microwave and load-bearing performance of recent additively manufactured microwave absorbers.
(A) Electric-loss honeycomb metastructure (ELHM).?? Copyright © 2023 Elsevier. Reproduced with permission of Elsevier. (B) Double high-impedance
surface-loaded honeycomb structure.” Copyright © 2025 Elsevier. Reproduced with permission of Elsevier. (C) Gradient metastructure.® Copyright ©
2021 Elsevier. Reproduced with permission of Elsevier. (D) Octagon loop with four diagonals metastructure.®* Copyright © 2021 Elsevier. Reproduced
with permission of Elsevier. (E) Three-dimensional honeycomb metastructure.*> Copyright © 2018 Nature Portfolio. Reproduced under the terms
and conditions of the Creative Commons Attribution (CC BY) license. (F) Tree-shaped metastructure.*> Copyright © 2025 Elsevier. Reproduced with
permission of Elsevier. (G) Cylindrical-shaped structure.* Reproduced under the terms and conditions of the Creative Commons Attribution (CC BY)
license. (H) Bamboo-inspired metastructure.” Copyright © 2023 Elsevier. Reproduced with permission of Elsevier. (I) Triply periodic minimal surfaces
(TPMS)-based metastructure.® Copyright © 2025 Wiley. Reproduced with permission of Wiley.

motifs enhance both impact resistance (13.27 MPa) and of bamboo to achieve both mechanical resilience and
wideband absorption (3.2 - 40 GHz), whereas the tree- effective microwave dissipation, whereas the tree-shaped
shaped design (Figure 7F) achieves remarkable 38.8 MPa metastructure® employs fractal-like branching to optimize
bending strength through its branched architecture. stress distribution and electromagnetic wave scattering.
These designs reveal three key principles: (i) Cellular The inclusion of TPMS-based designs®* and cylindrical-
and lattice geometries optimally balance mass efficiency shaped structures® further highlights the importance of
with multifunctionality; (ii) biomimetic approaches mathematically derived geometries in achieving balanced
successfully translate natural load-bearing strategies to electromagnetic and mechanical properties. These
electromagnetic applications; and (iii) gradient designs structures leverage the inherent advantages of periodic
and TPMS architectures represent particularly promising minimal surface high strength-to-weight ratios and
directions for future development, as they inherently continuous curvature to create self-supporting frameworks
satisfy both mechanical and electromagnetic requirements that simultaneously manipulate electromagnetic fields
through their optimized topologies. The progression from through their intricate surface topologies. The visual
traditional honeycombs to advanced biomimetic and progression from simple honeycomb patterns to complex
mathematical surfaces reflects an evolution toward more biomorphic forms in the image underscores the evolution
sophisticated, performance-driven designs enabled by the of design thinking in this field.
geometric design capability of the additive manufacturing Figure 8 presents recent results on electromagnetic
process. microwave and load-bearing performance of recent
Several designs draw inspiration from nature, additively manufactured microwave absorbers. The
exemplifying that biomimicry can solve complex bamboo-inspired metastructure® exemplifies nature-
engineering challenges. The bamboo-inspired informed engineering, replicating bamboo’s natural
metastructure® replicates the natural fiber alignment fiber alignment to achieve structural resilience and
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Figure 8. Results on electromagnetic microwave and load-bearing performance of recent additively manufactured microwave absorbers.
(A) Bamboo-inspired metastructure.”” Copyright © 2023 Elsevier. Reproduced with permission of Elsevier. (B) Octagon loop with four diagonals
metastructure.’! Copyright © 2021 Elsevier. Reproduced with permission of Elsevier. (C) Conical structure absorber.”® Copyright © 2024 Elsevier.
Reproduced with permission of Elsevier. (D) Gradient honeycomb metastructure.* Reproduced under the terms and conditions of the Creative Commons
Attribution (CCBY) license. (E) Gradient metastructure.® Copyright © 2021 Elsevier. Reproduced with permission of Elsevier. (F) Double high-impedance
surface-loaded honeycomb structure.”” Copyright © 2023 Elsevier. Reproduced with permission of Elsevier.

effective microwave dissipation. The octagon loop with
four diagonal designs® and conical structure absorber™
showcases how geometric optimization can simultaneously
address wave impedance matching and mechanical stress
distribution. Particularly noteworthy is the gradient
honeycomb metastructure,®* which combines the
mechanical advantages of honeycomb cores with spatially
varying electromagnetic properties to create a smoothly
transitioning impedance profile. These designs collectively
represent a significant advancement over traditional
absorbers that typically sacrifice structural performance
for electromagnetic functionality.

The gradient metastructure® and double high-
impedance  surface-loaded honeycomb  structure”
highlight two distinct yet complementary approaches to
multifunctional design. The gradient architecture employs
a gradual variation in material composition or geometric
parameters to achieve broadband absorption while
maintaining structural integrity. In contrast, the double
high-impedance honeycomb structure demonstrates how

surface modifications to conventional cellular materials
can enhance electromagnetic loss and load-bearing
capacity. The conical structure absorber’® represents
another innovative approach, using its tapered geometry
to provide progressive collapse characteristics under
mechanical loads while its carefully designed surface
patterning optimizes microwave absorption. Table 4
summarizes the electromagnetic microwave and load-
bearing performances of recent additively manufactured
polymer composite absorbers, including frequency range,
bandwidth of RL, minimum, thickness, and mechanical
properties. Recent studies on additively manufactured
polymer composite absorbers highlight critical trends in
balancing EMA and mechanical performance. Polyether-
ether-ketone (PEEK)-based composites, such as the
bamboo-inspired metastructure (13.27 MPa compressive
strength, 3.2 - 40 GHz bandwidth), demonstrate superior
multifunctionality compared to PLA or acrylonitrile
butadiene styrene systems, emphasizing the importance
of high-performance matrices. Bio-inspired, particularly
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Table 4. Summary of the electromagnetic microwave and load-bearing performances of recent additively manufactured polymer

composite absorbers
Structural design Material Frequency  Bandwidth of RL Minimum Thickness Mechanical References
range (GHz) <-10dB (GHz) RL (dB) (mm) properties
Bamboo-inspired PEEK/ECIPs 2-40 3.2-40 -15 3 Compressive yield 69
metastructure magnetic composite stress: 13.27 MPa
Conical structure NFG/Si/Fe,O,/PF 2-18 3.55-18 -21.52 21 Compressive yield 70
composite stress: 5.21 MPa
Electric-loss honeycomb CF/CNT/ABS 2-18,2-40 2-6.8,10.4-40 <-10 8.67,13.56, Maximum load: 22
metastructure 14 1.41 kN
Double high-impedance PEEK/ITO/PET 2-18 6.73-18 -15 4.25 Compressive 75
surface-loaded honeycomb strength: 6.09 MPa;
(DHHC) structure flexural strength:
3.08 MPa
Gradient metastructure FCIPs-PEEK 2-18 5.1 -40 <-15 10 Compressive yield 66
composite stress: 8.46 MPa
Octagon loop with four PEEK/ITO 2-30 5.7 -19.85 <=20 3.97 Compressive yield 81
diagonals metastructure stress: 22.46 MPa
Three-dimensional PLA 1-24 3.53 - 24.00 -31.3 15.51 Compressive yield 82
honeycomb metastructure stress: 10.7 MPa
Tree-shaped metastructure ~ ABS/CF/MWCNT 2 -18,20 - 40 11.5-16 -28.66 10.8 Bending strength: 83
composite 38.8 MPa
Pyramidal array sandwich ~ PLA/CF-reinforced 4-18 4-18 =~-10 13.5 Compressive 68
structure plastics strength: 9.60 MPa
Three-dimensional lossy PLA/CB composite 1-40 1.36 - 40 <-20 214 Compressive 76
dielectric metastructure strength: 3.75 MPa
Curved-wall honeycomb Chopped CF/glass 2-40 2-40 -16.5 20 Compressive 87
metastructure fiber strength: 31.3 MPa
Gradient honeycomb TPU/CB composite 2-18 2.23-18 -15 15 Compressive 86

metastructure

strength: 22.89 MPa

Abbreviations: ABS: Acrylonitrile butadiene styrene; CB: Carbon black; CF: Carbon fiber; CNT: Carbon nanotube; FCIP: Flaky carbonyl iron particles;
ITO: Indium tin oxide; NFG: Natural flake graphite; PEEK: Polyether-ether-ketone; PF: Phenol formaldehyde resin; PLA: Polylactic acid; RL: Reflection

loss; TPU: Thermoplastic polyurethane.

honeycomb, lattice, and gradient structures, provide
excellent mechanical properties and broadband absorption
performance. It revealed an inverse relationship between
thickness and mechanical efficiency, with optimal designs
(typically 3 - 15 mm) leveraging cellular geometries and
gradual property transitions to minimize trade-offs. These
insights underscore the potential of advanced polymer
materials, architectured metamaterials, and additive
manufacturing processes to create lightweight, high-
strength absorbers with tunable electromagnetic properties
for next-generation applications.

6. Challenges and future perspectives
6.1. Challenges

In developing high-performance additively manufactured
CFRP (AM-CFRP) absorbers, one of the main obstacles
is ensuring the even distribution of CFs and nanofillers
throughout the polymer matrix. Conductive fillers such as

graphene or CNTs tend to aggregate during the extrusion-
based 3D printing process, resulting in irregular electrical
characteristics and variable microwave absorption.®
Overall efficiency may be decreased by isolated
conductive routes caused by this inhomogeneity that
reflect electromagnetic waves instead of absorbing them.
Furthermore, anisotropy is introduced by differences in
fiber alignment and distribution among printed layers,
which makes it challenging to forecast and regulate
electromagnetic activity.***' Post-processing techniques
such as sonication or chemical functionalization may
improve dispersion but add complexity to manufacturing.*
Future solutions might call for sophisticated material
formulations or in situ mixing technologies to guarantee
uniformity during printing.

The main attenuation mechanism AM-CFRP absorbers
useisdielectriclosses, which could be inadequate, especially
at higher frequencies (such as the millimeter-wave and
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terahertz bands). Most polymer-based 3D printing
filaments do not have magnetic loss mechanisms, limiting
their broadband performance in contrast to conventional
absorbers that use magnetic materials.”® The incorporation
of magnetic nanoparticles into CFRPs is difficult due
to mechanical property degradation, weak interfacial
bonding, and nozzle blockage. Furthermore, printability
and layer adhesion may be compromised since high filler
loadings are frequently needed to achieve high electrical
conductivity.”* The development of hybrid composites,
which combine CFs with conductive or magnetic coatings
(such as nickel-plated CFs*), may close this gap, although
processing techniques need to be improved to preserve
structural integrity and print fidelity.*®

Increasing the amount of CF improves EMA but also
causes printed structures to become more brittle and less
ductile.”” Layer delamination and poor interlayer adhesion
can result from CFRPs’ high stiffness, especially in complex
geometries, for optimal electromagnetic performance.”®
The final component may also be further weakened
by residual strains caused by the thermal expansion
mismatch between CFs and polymer matrices during
printing.” Particularly for automotive and aerospace
applications where absorbers must sustain structural
loads, striking a balance between mechanical durability
and electromagnetic efficacy is essential.'” Future research
could investigate graded material designs, improved fiber
orientations, or toughened polymer matrices tolessen these
trade-offs without compromising absorption efficiency.

The scalability of AM-CFRP absorbers for industrial
applications is restricted by the high cost of CF-reinforced
filaments and the difficulty of multimaterial printing.'®!
The resolution and throughput needed for the large-scale
fabrication of high-performance EMWA structures are
difficult for current additive manufacturing techniques.?
Furthermore, post-processing procedures such as thermal
annealing or chemical treatments to improve conductivity
increase manufacturing time and cost.'” Defects
brought on by the process, such as voids or uneven layer
bonding, might worsen electromagnetic performance.
Developments in in situ curing methods,'” high-speed
additive manufacturing, and recyclable materials will
be crucial to overcoming these obstacles.'” One major
obstacle to broader deployment is the development of
scalable, affordable production techniques that preserve
exact control over electromagnetic characteristics.

6.2. Future perspectives

Future developments in multimaterial additive
manufacturing will witness the seamless integration of
multifunctional components into CFRP constructions.

Electrical traces, magnetic nanoparticles, and dielectric
layers might be accurately deposited in a single production
process using hybrid printing techniques that combine
FDM with direct ink writing or aerosol jet printing.'®®
By using this method, it would be possible to optimize
impedance matching across a wide range of frequency
bands by producing graded-index absorbers with spatially
varied electromagnetic characteristics. Furthermore,
the creation of innovative core-shell filament materials
in which CFs are covered in lossy nanomaterials such as
ferrites or MXenes may improve dielectric and magnetic
loss mechanisms while preserving printability.'” These
developments would surmount the present restrictions
in obtaining broadband absorption while maintaining
structural soundness.

AM-CFRP absorber design will undergo a revolution
with the combination of computational electromagnetics
and ML."” Physics-informed neural networks can make
rapid predictions of ideal fiber alignment patterns, infill
densities, and metamaterial geometries suited to specific
absorption bandwidths. To minimize material consumption
and optimize wave attenuation, generative adversarial
networks may suggest new, bio-inspired structures.'®®
Real-time performance evaluation throughout the printing
process may be made possible using digital twin technology,
enabling adaptive manufacturing modifications. By
drastically cutting down on the typical trial-and-error
development cycle, these Al-powered techniques will
speed up the process of finding high-performance
absorber designs that would be impossible to build using
traditional methods.'” Cloud-based design tools may also
facilitate collaboration among workers and experts in the
manufacturing, electromagnetics, and material fields in
optimization. The emergence of technologies powered by
electromagnetic fields offers revolutionary possibilities for
overseeing the production and manufacturing process of
CFRP and CE The synthesis, processing, and recycling
stages of CFRP can be completed quickly, effectively,
and sustainably with this technology. Figure 9 illustrates
the functions of several novel approaches, which use
electromagnetic radiation forms such as electric currents
and microwaves, in drastically cutting energy use, lessening
environmental impact, and improving CFRP performance.
The rise of electromagnetic field-driven technologies
presents disruptive opportunities for managing CF and
CFRP manufacturing and production. It offers a rapid,
efficient, and environmentally friendly solution for the
synthesis, processing, and recycling phases. By utilizing
electromagnetic radiation forms such as electric currents
and microwaves, these innovative approaches hold
promise for significantly reducing energy consumption
and lowering environmental impact.
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These methods offer significant advantages over
conventional thermalapproaches, includingreduced energy
consumption, faster processing times, and enhanced control
over material properties. Microwave-based techniques, in
particular, enable selective and uniform heating of CFs,
improving the efficiency of carbonization and curing stages
while minimizing environmental impact. Joule heating
and pyrolysis further contribute to sustainable production
by leveraging electrical currents for precise thermal
management. These electromagnetic approaches align with
the growing demand for greener manufacturing practices
in the CFRP industry. The integration of electromagnetic-
driven processes into the CFRP production chain holds
immense potential for advancing sustainable material
manufacturing. Future research should focus on scaling
these technologies for industrial adoption, optimizing
energy efficiency, and exploring hybrid methods that
combine microwave, induction, and Joule heating for
tailored material properties. In addition, the development
of smart manufacturing systems incorporating real-time
monitoring and artificial intelligence (AI)-driven process

control could further enhance precision and reduce waste.
As industries prioritize decarbonization, electromagnetic-
assisted CFRP production may emerge as a key enabler of
lightweight, high-performance composites for automotive,
aerospace, and renewable energy applications, bridging
the gap between sustainability and advanced material
performance.

Responsive materials that can dynamically adjust
their electromagnetic properties can be incorporated
into AM-CFRP absorbers of the next generation.'!!
Absorbers that change their microstructure in response
to external stimuli such as temperature, electric fields,
or mechanical stress may be made possible by 4D
printing processes that use shape-memory polymers'®
or liquid crystal elastomers."'? The absorbers would be
efficient over various operating bands owing to their
versatility, enabling real-time frequency adjustment. By
combining conductive polymers with adjustable dielectric
characteristics, active absorption devices that adapt to
different danger frequencies may be developed.'”® Critical
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absorption components in severe environments could
extend their service life by self-healing nanocomposites
that incorporate microencapsulated conductive agents.
These nanocomposites could autonomously repair slight
damage. These innovative material solutions pave the
way to the intelligent, multifunctional electromagnetic
protection by eliminating the limitations of classic passive
absorbers.

With similar electromagnetic performance, bio-based
polymer matrices made from renewable resources may
eventually replace traditional petroleum-based resins.'*
CFs from end-of-life absorber components will be
recovered and reprocessed using closed-loop recycling
technologies, which will drastically lower material costs and
their negative environmental effects. Developments in low-
energy curing techniques, including microwave-assisted
curing or photonic sintering, will reduce manufacturing’s
carbon footprint.In addition, as sustainable substitutes for
synthetic CFs, researchers could investigate the usage of
carbon compounds obtained from agricultural waste.'”®
AM-CFRP absorbers will be positioned as essential
elements in the green technology revolution thanks to
these environmentally friendly methods and design-for-
remanufacturing principles, which also help them comply
with the ever-tougher environmental standards in the
telecom and aerospace sectors.

Recent breakthroughs in additive manufacturing of
CFRP structures have demonstrated remarkable potential
for EM wave absorption, particularly when enhanced by
ML optimization.'* ML algorithms, including DNNs and
GAs, are now being employed to navigate the complex
design space of CFRP composites,'!” optimizing parameters
such as fiber orientation,'"® layer thickness, and nanofiller
distribution to achieve superior microwave absorption
while maintaining structural integrity. These data-driven
approaches have enabled the development of graded-index
materials and metamaterial-inspired designs'' that exhibit
broadband absorption with reflection losses exceeding
-30 dB. Furthermore, ML has significantly reduced the
traditional trial-and-error development cycle, allowing
for rapid iteration and performance prediction of novel
composite architectures.’®® The integration of physics-
informed neural networks has further improved accuracy
by incorporating fundamental electromagnetic theory into
the learning process, resulting in more reliable predictions
of absorption characteristics.

Looking ahead, three key trends are poised to transform
this field: (i) The development of autonomous self-
optimizing systems combining real-time manufacturing
monitoring with adaptive ML algorithms that continuously
refine material designs during the additive manufacturing

process.'?! (ii) The emergence of multi-physics ML models
that simultaneously optimize EMA, mechanical strength,
thermal management, and other functional requirements
for truly multi-functional structures.'? (iii) The integration
of quantum ML to handle the exponentially increasing
complexity of multiscale, multimaterial composite
designs.'” Future systems will likely incorporate digital
twin technology that evolves with operational experience,
enabling CFRP structures to adapt their electromagnetic
properties in response to changing environmental
conditions or mission requirements.In addition, the
application of explainable AI techniques will provide
crucial insights into the fundamental structure-property
relationships, potentially revealing new design principles
for microwave-absorbing materials. As these technologies
mature, they will enable the creation of intelligent,
responsive CFRP structures for next-generation aerospace,
defense, and telecommunications applications, where
dynamic control of electromagnetic signatures becomes as
essential as static absorption performance.

7. Conclusion

This review comprehensively examines the EMWA
properties of additively manufactured CFRP structures,
emphasizing their design, performance, and underlying
absorption  mechanisms.  Electromagnetic-absorbing
materials based on nanocomposites have been extensively
studied due to their exceptional properties, including high
absorption efficiency, lightweight nature, thin matching
thickness, and broadband attenuation capabilities.
These characteristics make them highly promising for
next-generation EMI shielding and stealth applications.
The fundamental principles of EMI shielding are
discussed, highlighting how nanostructured materials
enhance absorption through dielectric and magnetic
loss mechanisms. A critical aspect of effective EM wave
absorption lies in achieving optimal impedance matching,
which requires a careful balance between dielectric and
magnetic losses. Recent advancements in nanocomposites
have demonstrated their potential as high-performance
microwave absorbers, offering strong attenuation, low
density, and broad frequency coverage. By strategically
combining different nanoscale components, researchers
have developed hybrid materials that synergize the
advantages of individual constituents, resulting in superior
absorption performance. These materials exhibit diverse
interactions with incoming electromagnetic radiation,
enabling tailored responses across various frequency
bands.

In the context of AM-CFRP structures, this review
underscores that additive manufacturing techniques
provide unprecedented control over microstructure
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and geometry, facilitating the fabrication of complex,
graded, and multifunctional absorbers. The ability to
precisely engineer fiber orientation, filler distribution,
and metamaterial-inspired designs has significantly
improved EMWA efficiency while maintaining structural
integrity. Furthermore, integrating conductive and
magnetic nanofillers within CFRP matrices has expanded
the possibilities for developing lightweight, high-
strength absorbers suitable for aerospace, defense, and
telecommunications applications. This review consolidates
current knowledge on the EMWA mechanisms of
AM-CERP structures, offering insights into material
selection, manufacturing optimization, and performance
evaluation. The findings presented here establish a
foundation for future research, encouraging further
exploration of advanced nanocomposites and innovative
additive manufacturing strategies to meet the growing
demand for high-performance electromagnetic protection
systems. By continuing to refine material formulations
and fabrication techniques, next-generation AM-CFRP
absorbers can achieve even greater efficiency, durability,
and versatility in real-world applications.
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Abstract

The ability to manufacture complex designs from multiple materials has long been
a key objective for applications operating in extreme environments. Multi-material
(MM) additive manufacturing (MMAM) has significantly enhanced the functionality
of additive manufacturing (AM) by enabling the integration of dissimilar alloys while
leveraging the inherent advantages of AM, including design flexibility, reduced
material waste, and rapid production, with the ability to tailor mechanical properties
through spatial material distribution and local processing conditions. This process
unlocks unprecedented opportunitiesacrossindustries such asaerospace,automotive,
biomedical, energy, and nuclear sectors. This article provides a comprehensive review
of the state-of-the-art in MMAM, focusing on the manufacturing processes, molten
pool formation, alloy compatibility, and bimetallicinterface characteristics—including
microstructural and mechanical properties—as well as modeling and simulation
approaches for performance prediction and optimization, with developments
tracked from 2013 to 2024. This review article predominantly focuses on: (i)
MM-laser powder bed fusion, (ii) MM-directed energy deposition, and (iii) MM-wire-
arc AM by detailing the mechanisms of molten pool formation at the interface
and dissimilar alloy material compatibilities. Subsequently, the article provides an
in-depth analysis of the meso- and micro-structural characteristics at the interface
in bimetallic structures across widely employed MMAM alloys. The mechanics of
MMs under various mechanical properties are presented, including microhardness/
micro-indentation, tensile, flexural, compression, and fatigue strength, which are
critical for MMAM applications in extreme conditions. In addition, current modeling
and simulation approaches for MMAM are discussed with respect to the challenges
and opportunities to increase MMAM adoption. The article concludes with a future
roadmap for advancing MMAM by overcoming feedstock and build material cross-
contamination, monitoring the in situ process, standardizing MM testing, and further
developing thermo-mechanical modeling, specifically, for MMAM.

Keywords: Multi-material additive manufacturing; Interfacial boundary layers; Process—
structure—property relationships; Three-dimensional printing; Mechanical behavior;
Modeling and simulation
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1. Introduction

Metal additive manufacturing (AM) is revolutionizing
industries with its growing adoption across automotive,"
nuclear,’ aerospace,®® energy,'”> and biomedical
sectors.”'® Utilizing a layer-by-layer approach guided
by computer-aided design models,” metal AM offers
transformative advantages over traditional manufacturing
methods, including reduced material waste, accelerated
production cycles, enhanced part consolidation, and
unprecedented design flexibility. While significant strides
have been made in fabricating single-material components,
the next frontier lies in further advancing multi-material
(MM) metal AM (MMAM). Enhancing the quality,
reliability, and performance of MM components is critical
to unlocking their full potential and meeting the rigorous
demands of real-world applications—a challenge this
review seeks to address following a roadmap consisting of
six topics, as presented in Figure 1.

Recent advancements in AM have enabled the
processing of multiple materials within a single build,
a technique referred to as MMAM. Components
manufactured using MMs can produce tailored
mechanical properties according to spatial part design
requirements, and concurrent local material assignment
and processing conditions. In addition to the tailored
mechanical characteristics, the MMAM approach also
enables manufacturing complex structures that are
otherwise cost-prohibitive or often not feasible through
other manufacturing methods.*** Recent advancements
in material deposition have enabled AM users to achieve
precision control at the voxel length scale in the order
of a few hundred microns.*'*? By leveraging the existing
advantages of AM processes, ongoing advancements
in MM would introduce a new paradigm and range of
opportunities for design, mechanical properties, and
manufacturing capabilities.”

Despite the numerous advantages of MMAM,
limitations in the detailed understanding of the process—
structure-property  (P-S-P)  relationships  present
severe constraints in fully adopting and leveraging its
capabilities. Some examples of the critical challenges faced
by MMAM include the complex behavior at the interfaces
of the dissimilar materials, heterogeneous thermal
properties (melting temperature, thermal conductivity,
laser absorptivity, and coefficient of thermal expansion
[CTE]), and cross-contamination between virgin and used
powders. Addressing these gaps is essential for qualifying
MMAM for high-performance applications in aerospace,
defense, energy, biomedical, and other emerging industries.

To effectively address these challenges, it is vital to
examine the most widely adopted metal AM processes

Material
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Figure 1. Road map for the future of bimetallic multi-material additive
manufacturing (MMAM). Includes the discussion on (A) alloy
compatibility. Reproduced with permission from Sun et al.** Copyright©
Elsevier 2020. (B) Powder recyclability and contamination, (C) AM
in-process monitoring techniques. Reproduced with permission from
He et al.** Copyright© Elsevier 2023. (D) MMAM process engineering,?
(E) MMAM mechanical testing standardization, and (F) modeling and
simulation.” Reproduced with permission from Aerosint Company** and
Gu et al.® Copyright © Elsevier 2020.

that have been proven for single metallic materials and are
under rapid development for MMAM. The list includes
three main processes: (i) Laser-based powder bed fusion
(LPBF) and electron-beam powder bed fusion (EB-PBF),
(ii) laser-directed energy deposition (LDED), and (iii)
wire-arc AM (WAAM). Among these, LPBF is known
for achieving higher dimensional accuracy; however, it
suffers from small build volumes, low surface roughness,
and low production efliciency. These drawbacks result
from factors such as fine powder particles (10 - 50 um),*
relatively large laser spot size (50 — 80 um),* small layer
thickness (<100 um),” and a high risk of powder cross-
contamination.*®*! In Section 2.1, the author will discuss in
depth the advantages and limitations of LPBE In contrast,
LDED and WAAM offer significant advantages in terms
of higher deposition rate, minimal cross-contamination
between multiple materials, and suitability for large-scale
component manufacturing. However, these techniques
are associated with high surface roughness and low-
dimensional accuracy (100 wm).* Given these trade-
offs, recent progress has focused on leveraging all three
process techniques for the fabrication of MM components.
A detailed description of each process and the mechanics
of melt pool formation, as well as alloy compatibility in
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MMAM, is provided in Section 2. Using these processes,
the transition between dissimilar materials can be either
discrete or gradual.

The interfaces of MMAM structures consist of either
a discrete boundary (discrete MMAM), characterized by
a direct transition between two materials; a functionally
graded boundary—in which the proportion of material
composition varies along the interface—or a discrete
boundary incorporating a third material as an interlayer, as
shown in Figure 2. Functionally graded materials (FGM)
enable complex and locally controlled MM component
fabrication by providing smooth transitions between
dissimilar materials. However, FGM comes with limitations,
such as inconsistent gradient control and unpredictable
feedstock deposition, which may limit the repeatability and
precision of the FGM components. In contrast, discrete
MMAM with direct compositional change (including
adaptation of interlayer material) offers significant
engineering benefits such as increased flexibility in design
and production, property optimization, and the ability to
realize complex functionalities.*>* Both FGM and discrete
MMAM components can deliver localized enhancements,
such as high wear resistance, high-temperature resistance,
and corrosion resistance in target regions, while
maintaining traditional mechanical properties at adequate
level, an approach that is often restricted in single-material
components.*** For the reader’s ease, the term MMAM
will now be used interchangeably with discrete MMAM
to identify a discrete compositional change between
dissimilar materials using AM here on.

The adoption of MMAM has garnered increasing
interest across industries such as aerospace,?**
automotive,”*! biomedical,”? and nuclear energy.**** In the
aerospace industry, MMAM implemented functionality

Functionally graded Bimetallic with an

Bimetallic A :
material interlayer

Material
comp. percent,
Material
comp. percent
Material
comp. percent

Build direction

Build direction

Build direction

- Material A

Material B ([l Material A + B

Material C

Figure 2. Schematic illustration of bimetallic, functionally graded
materials, and interlayer-assisted multi-material additive manufacturing
structures, highlighting the differences in materials transition and
material compositional distribution characteristics across the interface
Abbreviation: Comp.: Composition.

in propulsion, heat exchangers, and other components.
For instance, in 2017, the National Aeronautics and
Space Administration launched the “Rapid Analysis
and Manufacturing Propulsion Technology” program
to reduce the cost and weight of the thrust chamber
assembly. This initiative utilized bimetallic joints to
directly fuse the copper (Cu) combustion chamber
with the nickel (Ni) alloy nozzle, eliminating the need
for additional fasteners. Cu/Ni alloy combinations are
particularly suitable for propulsion applications due to
the high thermal conductivity of Cu and the mechanical
strength of Ni.*** Another MMAM demonstration in
industry integrated titanium (Ti) and aluminum (Al)
to manufacture a lightweight yet corrosion-resistant
spaceflight frame, capitalizing on Ti’s high corrosion
resistance and Als lightweight.** Another example of
MMAM application is the Cu/stainless steel (SS) MMAM
heat exchanger fabricated by Aerosint (Belgium),
where complex Cu channels were embedded in SS to
produce a monolithic structure that demonstrated a
relatively higher cost-effectiveness over conventional
manufacturing.”? Similarly, an SS/Ni component was
manufactured through MMAM for a heat exchanger by
leveraging the high-temperature performance of Ni and
the higher ductility, corrosion resistance, and lower cost
of SS.* The applications of MMAM in aerospace have
extended to vital components such as propulsion systems,
heat exchangers, and spacecraft body frames without
compromising functional performance.

The impact of MMAM extends beyond the aerospace
industry. With the growing adoption in the automotive
industry, components such as electric motor rotor*! and car
chassis®® have been fabricated using MMAM techniques
with iron (Fe)/Ni and Al/SS compositions, respectively.
The design flexibility enabled through LPBF allowed for the
reduction of eddy currents and increased motor efficiency.
Meanwhile, the Al/SS MMAM chassis helped reduce the
vehicle’s weight while maintaining higher strength and
corrosion resistance. Similarly, to the automotive industry,
the biomedical fields,”” nuclear energy,”** and anti-
counterfeiting® have implemented MMAM. The MMAM
of Ni/Ti has been explored as a viable hip implant due to
its shape memory behavior and bio-compatibility.? In the
nuclear energy industry, tungsten/Cu has been explored
for use in fusion nuclear reactor components, leveraging
their combined high-temperature resistance and excellent
plasma radiation resistance properties.”** Besides the
large-scale industries, MMAM has shown promise in anti-
counterfeiting, where embedded safety features, such as a
quick response code, have been incorporated into metallic
components made of SS/Cu alloys to allow traceability and
authentication.”
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While the array of current applications of MMAM
demonstrates its versatility, a deeper understanding of the
underlying microstructures, mechanical behavior, and
modeling and simulation of materials used in MMAM is
crucial to ensure wider adoption. The goal of this review
article is to identify a potential road map for advancing the
field of MMAM by providing a detailed insight into the
current state of microstructure, mechanical characteristics,
and modeling and simulation of MMAM structures. In
contrast to previous review articles (Table Al), which
have primarily focused on FGM, this article gathers and
synthesizes the results reported in empirical studies
that investigated the P-S-P relationships of MMAM
structures, with a roadmap toward further development
of MMAM. Prior literature has explored various aspects,
including applications,* challenges in FGM-LDED,%¢
challenges in thermal properties and creation of harmful
compounds,”® challenges in steel- and metal-based
FGM,%®" progress in structures and functionality of FGM,”'
manufacturing techniques,®***’*7 experimental studies
on metal-metal, metal-ceramic and metal-intermetallic
gradient, and numerical studies on material science and
engineering,*’*”” and practical applications.®26>67707L7475,78
While these review articles provide abundant information
on MMAM, a critical research gap and future direction
(applicable to MMAM) concerning structures with discrete
transitions remain unexplored. This article aims to address
that gap in the following sections.

To systematically address these research gaps and
advance the understanding of structures with discrete
transitions, this review article is organized as follows.
This review article is divided into five main sections,
followed by a discussion and future trends. The first
section includes an overview of the processing principles
of the three main metal MMAM processes, along with
a discussion on MM melt pool formation mechanisms
and alloy compatibility observed across the discussed
processes. The second section consists of a detailed review
of macro- and micro-structural characteristics observed
at bimetallic interfaces (e.g., microstructural growth,
defects, metallurgical bonding, intermetallic phases)
from reported studies. The third section focuses on the
available data on the mechanical properties of MMAM
(e.g., microhardness, tensile strength, flexural strength,
compression, fatigue, etc.). The fourth section focuses on
the modeling and simulation (e.g., phase transformation,
melt pool formation, computer coupling of phase diagrams
and thermochemistry [CALPHADY], finite element analysis
[FEA]) approaches for bimetallic structures. Finally,
the review article closes with a discussion on current
technological roadblocksin advancing the developmentand
adoption of MMAM, specifically: (i) Alloy compatibility,

(ii) powder recyclability, (iii) AM in-process monitoring,
(iv) MM process monitoring, (v) MM mechanical testing
standardization, and (vi) thermal- and thermo-mechanical
modeling as presented in Figure 1.

2. Overview of MMAM processes
2.1. Laser powder bed fusion (LPBF)

LPBF is a metal-AM process that utilizes a high-powered
scanning laser beam to selectively melt a region of a
powder bed onto a metal substrate in a layer-by-layer
fashion to produce three-dimensional (3D) solid metal
parts. Melting occurs on metal powder fabricated through
various powder processes (e.g., gas atomization, plasma
atomization, plasma rotating electrode process, hydride-
dehydride, and wire atomization) inside a sealed inert
gas build chamber, usually filled with argon or nitrogen,
which is pumped throughout the build chamber to
maintain a low oxygen content. Previous studies indicate
that an oxygen content of 300 — 1,000 ppm is required to
prevent oxidation during the manufacturing process.”
In addition to maintaining a low oxygen content, inert
gas is used to reduce the likelihood of defects associated
with high oxygen levels, which may include irregular melt
track morphology, irregular melt pool surface tension, and
spattering.**®> The build plate, as shown in Figure 3A, is
made of a material similar to the feedstock metal and can
be preheated to minimize thermal gradients and reduce the
buildup of thermally induced residual stresses or thermally
induced part distortion.** LPBF imposes process-specific
design constraints on part geometry and material selection
but offers an elevated level of design complexity compared
to traditional subtractive manufacturing methods. The
metal alloys that are compatible with LPBF include Ti,
Al, Fe (steels), cobalt-chromium, Ni, and Cu-based alloys
(analogously, any metal that can be welded).*® Similar
to the single-material LPBF process, in MM-LPBE the
powder that is not melted is retained in the powder bed
while dissimilar material is deposited over it, following a
process analogous to single-material LPBE. The dissimilar
material powder spreading mechanism in MM-LPBF
comprised various methods, such as (i) blade-based
dissimilar material spreading, (ii) ultrasonic-based dual
powder dispenser, (iii) electrophotographic-based dual
powder dispense, and (iv) “blade + ultrasonic” hybrid
powder spreading technique, which were used.*

Advantages of MM-LPBF include (i) the ability to
manufacture intricate 3D structures monolithically,® (ii)
high resolution and rigorous build accuracy with dimension
error lower than 100 wm,* (iii) better processing accuracy
compared to other metal-AM due to smaller powder size
(10 - 50 um),*” larger laser spot diameter (50 — 80 wm),*
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and smaller layer thickness (<100 um).*” Limitations of
MM-LPBF include (i) limited build size, (ii) challenges in
powder recyclability, and (iii) dependence on powder size
and processing parameters.

2.2. Laser-directed energy deposition

Laser-directed energy deposition is defined as an “AM
process in which focused thermal energy is used to fuse
materials by melting as they are being deposited” by the
ISO/ASTM 52900 standard.’” The LDED process deposits
powder feedstock directly onto the substrate by melting
it in a controlled heated region using focused energy in
the form of a laser, electron beam, or plasma arc.®*® The
process of feeding molten powder or wire feedstock into
a melt pool produced by the heat source beam builds
material onto the substrate in a layer-wise process, followed
by rapid solidification. The feedstock can be changed mid-
process to produce discrete or graded heterogeneous
components with tailored material properties. Inert gases
are used during the AM process to prevent the molten pool
from being contaminated by unmelted powder particles or
porosities.® In multi-material LDED (MM-LDED), the
fabrication process follows the same method as a single-
material LDED with the inclusion of dissimilar materials
through powder ejecting nozzle from different hoppers

(Figure 3B). These nozzles can be mounted onto a multi-
axis arm that moves around a fixed component or onto
a tool head to deposit onto a component mounted in a
five-axis vice.”® Given these capabilities, MM-LDED offers
unique advantages and limitations, as summarized below.

Advantages of MM-LDED include (i) inherent
functionality of depositing MM and location-specific
material deposition,®#*! (ii) higher rate of deposition rates
compared to PBE®*** (+2.5 kg/h for LDED vs. +0.01 kg/h
for LPBF vs. £0.25 kg/h for EB-PBF),** (iii) large-scale
fabrication (compared to LPBF),*>**** and (iv) potential
use for coating, cladding,®*” and repairing damaged
parts.”®” Limitations of MM-LDED include (i) limited
design freedom due to lower-dimensional accuracy and
higher surface roughness,”'® (ii) low powder efficiency
and recyclability, particularly in MM, and (iii) possible
shrinkage, residual stress, and deformation due to thermal
process cycling. LDED is commonly paired with computer
numerical control machining as a hybrid-AM solution to
resolve the poor surface finish and achieve near-net shape
geometry.”

2.3. Wire arc AM

Wire arc AM is a subset of LDED that uses a welding arc
to generate a melt pool. WAAM is gaining more interest
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and traction in the AM community, especially for MMAM;
hence, it is presented separately here and in subsequent
discussions. In WAAM, a wire of heterogeneous
characteristic materials is fed into the melt pool created
by the welding arc along the designed path to form a
component (Figure 3C). WAAM is compatible only with
wire feedstock, like the feeding rods used in most welding
processes. As a result, material restrictions include only
materials that are ductile enough to be pulled into the
wire. Weldable materials such as SS, Ni, Ti, and Al alloys
are commonly used in WAAM.""'' Like MM-LDED,
multi-material WAAM (MM-WAAM) follows the same
procedure as the dissimilar materials deposited through a
wire-fed nozzle. Building upon the basic WAAM process,
the major advantages and challenges associated with
MM-WAAM are outlined below.

The advantages of WAAM coincide with those of
LDED. While WAAM offers a higher deposition rate than
PBE it comes at the expense of increased surface roughness
and reduced dimensional accuracy. To improve the
surface finish and dimensional accuracy, components are
often required to undergo post-processing or subtractive
machining to produce near-net shape geometry. Alongside
a higher deposition rate, WAAM is associated with an
inexpensive machine cost, simple configuration, high
efficiency, and large-scale component fabrication.”'021%

2.4. Mechanisms of melt pool formation

The formation of a bi-metallic interface using MMAM
processing involves thermal and fluidic interactions
between the solid substrate and the unmelted feedstock of
the dissimilar metal. A key challenge in MMAM processing
is mitigating the defects that tend to form at the interface
of the dissimilar metals, mainly caused by the mismatch
in thermal properties. This mismatch may induce macro-
strains near the interface and cause defects such as
cracking and porosity. Understanding the mechanisms of
melt pool formation and the subsequent cooling process
is a necessary foundation for mitigating the formation of
defects in that region.

In all metal MMAM processes, many studies
characterize the interface as having grain refinement and
report an increase in hardness across the transition. For
processes such as MM-LPBE, a high cooling rate (10" K/s)
compared to other laser or arc-welding processes (10° K/s)
may cause additional grain refinement. Grain refinement
may be further exaggerated for all processes while printing
bi-metallic structures, which pair highly conductive
materials (such as Cu alloys) with a moderate alloy (such
as steel), wherein the highly conductive material may act
as a heat-sink and expedite the cooling rate of the more

moderate material. Generally, material pairs that have the
most contrasting thermal properties are reported to have
a weaker metallurgical bond at the interface. For example,
a moderately conductive steel alloy, which is commonly
paired with a highly conductive Cu alloy (Table 1), is
usually reported as having poor bonding, where local
cracking is the most common defect near the interface.
Reports show that cracking occurs in these Cu alloys for
two main reasons: (i) A mismatch of the thermo-physical
material properties and (ii) an infiltration of Cu to the grain
boundaries in steel, which provides micro-cracks during
melting due to thermal mismatch. Optimizing process
parameters, namely those related to the temperature
distribution (e.g., laser speed, power, and scanning
strategy), can help mitigate the severity of the thermal
gradient across the interface and improve metallurgical
bonding.

The dilution effect is another common phenomenon
observed in MMAM processes and describes the
gradual decrease in alloy blending as a part is built in the
vertical direction. Dendritic cracking commonly occurs
perpendicularly to the boundary of the fusion zone and
extends gradually into the material of the higher thermal
stress, which is usually the less conductive material.
Dendritic cracking is influenced by the thermomechanical
stresses that arise due to the temperature gradients during
the solidification processes. The presence of a secondary
alloy in the melt pool can exacerbate these stresses and
increase the likelihood of crack formation. Cracking from
dissimilar metal mixing is further discussed in Section
2.5. On a related note, element diffusion at the interface
describes the causal mechanisms behind the blending of
two dissimilar alloys within the melt pool. Diftfusion is
aided by the Marangoni convective forces, driven by the
surface tension gradients of the melt pool’s molten fluid.
This leads to a non-homogeneous distribution of elements,
commonly observed by the solidified heat-affected zones
through energy dispersive spectroscopy (EDS). The
difference in material density may also play a role in how
the metals mix and interact under gravitational forces.
All factors considered in this section play a crucial role
in identifying the alloy compatibility between dissimilar
materials in MMAM.

2.5. Alloy compatibility in MM mixtures

Achieving compatibility between dissimilar alloys in
bimetallic structures is a critical challenge, as differing
physical, chemical, and mechanical properties of each alloy
can significantly influence the performance and longevity
of the components. The alloys are designed precisely to
tailor the elemental proportions and thermomechanical
processing conditions to generate the ideal microstructural
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Table 1. A comprehensive summary of the empirical literature on the metallurgical bonding in bimetallic multi-material additive

manufacturing
Deposited material ~ Titanium Stainless Nickel alloy  Aluminum Copper alloy Ferrous Miscellaneous
Base material alloy steel alloy alloy alloy alloy
Stainless steel alloy 122,123 124,125 91,126-138 50 33,56,58,128, 147 148,149
139-146
Titanium alloy 150-153 154 155 — 55 — —
Nickel alloy 52,156 91,131,132, — — 47,162,163 164 —
157-161
Ferrous alloy 165 166 — — 167,168 169,170 171
Aluminum alloy — — — 172-174 175 176 177
Copper alloy — 178 — — 179 — —

features and mechanical properties.* In FGM, the element
composition typically varies throughout the structure,
with the ratio of elements varying with respect to the
build height. A minor deviation in element content from
the intended composition could disrupt the alloy’s
performance and fundamental properties.'® In the discrete
MMAM, the abrupt change of composition could act as a
chemical potential gradient that drives alloying elements
and impurities from one side to another, leading to failure
mechanisms. Similar behavior could be observed in a
steep property gradient of FGM, which serves as a residual
stress concentration site during manufacturing. Besides
the chemical composition of the alloys, properties such as
thermal conductivity and melting temperature can prevent
the successful joining of dissimilar alloys.

To better understand these challenges, Reichardt et al.'*
noted that most dissimilar joining issues can be grouped
into three distinct categories: (i) Intermetallic formation
and solubility limitations, (ii) thermal property mismatch,
and (iii) other metallurgical effects. In Section 3, which
focuses on the interfacial characteristics of the discrete
MMAM structure, the aforementioned phenomena can be
observed. Many of these issues have been resolved in the
welding industry through effective practice of introducing
filler metals, interlayer blazing, high energy density beam
welding, and friction stir welding.*>'*'% The three main
categories of joining issues and strategies to overcome
each will be examined in more detail. From those, the
formation of brittle intermetallic phases in dissimilar
alloys is the biggest challenge in the MMAM process.
Most metal alloys have limitations in solid solubility and
tend to form ordered intermetallic phases. This becomes
more complex when considering commercial alloys
with multiple elements, including impurities that could
lead to detrimental phases. In cases of Ti/steel or Ti/Ni
alloys (Sections 3.1, 3.2, and 3.3 for more explanation),
which tend to form brittle intermetallic approaches such
as introducing a third dissimilar metal alloy that acts as

an interlayer can be used to resolve the problem. Apart
from the intermetallic formation, the thermal property
disparity between dissimilar alloys plays a significant role
in metallurgical bonding.

The disparity between the thermal properties of
dissimilar alloys, such as melting temperature, CTE, and
thermal conductivity, is one of the issues that contribute
to weaker metallurgical bonding. During the MMAM
process, significant differences in melting temperature not
only lead to a non-uniform heat flow and dilution but also
tend to cause cracking on the low melting temperature alloy
side during solidification (e.g., SS316L/W).!* The cracking
attributed to this mismatch in melting temperature can
be mitigated by introducing an intermediate melting
temperature alloy. Similar to the characteristics difference
of dissimilar melting temperature, CTE, and thermal
conductivity play a significant role in the interfacial
bonding region of the bimetallic structures. Regarding
CTE, thermal mismatch can result in an unequal thermal
contraction, leading to a stress concentration at the
interface. The disparity of thermal conductivity could cause
distortion and a lack of complete fusion of the low thermal
conductivity material due to insufficient heat present. In
Section 3, a detailed description of the bimetallic structures
that were analyzed using EDS, electron backscatter
diffraction, and X-ray diffraction to understand the alloy
compatibility at the abrupt change in element composition
in discrete MMAM is presented.

2.6. Powder recyclability and reuse

Powder reuse presents complex challenges due to the
diverse thermal properties, oxidation susceptibility, and
chemical reactivity of the constituent alloys. These factors
critically affect process stability, part performance, and
reproducibility. In powder-based metal AM processes
such as LPBE, EB-PBF, and LDED, powder degradation
is influenced by its interaction with high-energy sources
(e.g., laser and electron beam), molten metal, ambient
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reactive chemical compounds, and contact with mechanical
components present in the build chamber (i.e., recoater).'*

Powder degradation occurs due to thermal,
chemical, and mechanical effects, including but not
limited to dealloying, sintering, oxidation, deformation,
contamination, oxide deposition, particle fragmentation,
and wear. The mechanisms are exacerbated by the intense
heat input inherent in beam-based AM. LPBF and EB-PBF
techniques typically operate under vacuum or inert gas
conditions, mitigating oxidation and cross-contamination
risks. LDED is more susceptible to such degradation as a
result of relatively less controlled atmospheres.

The key contributing factor to powder degradation in
powder-based metal AM is its direct interaction with the
melt pool. The dynamic flow within the melt pool can lead
to the ejection of molten metals, resulting in the formation
of metal jets, droplets, and powder spatter. These spatters,
rich in partially fused and oxidized particles, can further
contaminate the powder bed, compounding degradation
across build layers. This understanding of degradation
mechanisms is crucial, as the degraded powder significantly
impacts the mechanical behavior of printed components.

The use of degraded powder affects key mechanical
properties, including chemical composition, density,
porosity, tensile strength, and surface roughness. In single
alloy materials, the use of recycled powder can lead to a
gradual change in chemical composition, particularly in
critical alloys such as IN718'"" and Ti-48Al-2Cr-2Nb,'*?
which in turn influences the mechanical properties. Studies
on density and porosity have shown that reused powder
can lead to lower or less predictable part densities, driven
by uneven particle size distributions, increased spatter
presence, and incomplete melting.

Beyond the chemical composition, density, and
porosity, the use of recycled powder has been shown to
have a significant effect on the material’s tensile properties.
Properties such as ultimate tensile strength (UTS), yield
strength (YS), Young’s modulus, and elongation have seen
the most change, though the extent varies with the alloy.
Tang et al.'”® observed that the use of recycled Ti-6Al-4V
powder alloy resulted in an increase in strength due to
high oxygen content, whereas SS316'* and AlSil0Mg'*
typically exhibit reduced strength and stiffness, mainly due
to higher porosity and coarser particle sizes.

Finally, surface roughness is another critical factor that
is affected by powder reuse. Recycled powders often contain
larger particles that do not fully melt, leading to a rougher
surface finish. This not only degrades the build quality but
also increases the need for post-processing, which is both
costly and time-consuming. Studies involving SS316,'*

Ti-6Al-4V,"¢ and IN718'7 confirm that surface roughness
worsens with powder reuse, potentially compromising
fatigue resistance and overall component performance.

Given this detailed understanding of powder
degradation and its consequences, it is essential to explore
the current state-of-the-art recycling techniques. These
range from mechanical to advanced approaches. For amore
in-depth understanding, the authors recommend reviewing
the articles by Lanzutti and Marin'*® and Powell et al.''* A
range of powder recycling and rejuvenation techniques has
been explored; conventional strategies include mechanical
methods (e.g., sieving and centrifugal separation), thermal
treatment (e.g., vacuum degassing, re-sintering, and
conventional remelting), and chemical approaches (e.g.,
acid and electrochemical etching). Emerging technologies
such as plasma cleaning and plasma spheroidization offer
promising methods as well. Plasma cleaning uses ionized
gas to remove surface contaminants (e.g., moisture and
trapped gases), whereas plasma spheroidization reshapes
irregular powder particles to improve flowability and
packing density.

While most current research focuses on single-alloy
powder reuse, MM powder recyclability in MMAM
remains underexplored. A detailed discussion of future
research direction in MMAM powder reuse is presented
in Section 6.1.

2.7. In-process monitoring

In-process monitoring has emerged as a critical enabler
for ensuring process stability, defect mitigation, and
quality assurance in MAM, particularly when fabricating
MM components. In-process monitoring in PBE LDED,
and WAAM processes benefits from in-situ monitoring
techniques aimed at detecting defects and ensuring part
quality during fabrication. In PBE, monitoring focuses on
powder spreading uniformity, laser-powder interactions,
melt pool characteristics (size, shape, and temperature),
scan path accuracy, and layer geometry. Optical imaging,
pyrometry, infrared (IR) cameras, and data-driven
methods such as computer vision and neural networks
are commonly used to identify defects such as porosity or
incomplete fusion.''*'? Real-time monitoring facilitates
process parameter adjustments to reduce defects and
improve part consistency.

Similarly, in LDED, monitoring methods include
pyrometry, IR imaging, and acoustic emission (AE)
sensors to track melt pool temperature, build height, and
crack formation. These sensors enable closed-loop control
strategies to maintain stable thermal conditions and
geometry, improving material uniformity and reducing
defects.’?*'! WAAM uses comparable optical and thermal
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techniques, such as near-IR cameras and optical emission
spectrometry, to monitor melt pool integrity and surface
finish. Emerging approaches like 3D laser scanning have

also been applied to detect geometric deviations during
builds.

Moreover,  current  state-of-the-art  in-process
monitoring could allow the research community to further
characterize and advance MMAM, which will be further
discussed in Section 6.2.

3. MM bimetallic interfacial
characterization

The microstructures at the interfaces between dissimilar
materials play a crucial role in dictating the mechanical
properties of MMAM components. In the context of
bimetallic structures, the materials involved often possess
similar atomic bonds, as well as comparable physical
and chemical properties, including melting temperature,
CTE, thermal conductivity, and elemental composition.*
Consequently, a fusion region is formed at the interface
of dissimilar materials, facilitating the interlocking of
materials and thereby enhancing their metallurgical
bonding strength. Such insights underscore the importance
of understanding and optimizing microstructural
characteristics for the advancement of MMAM.

The interfacial microstructure of dissimilar materials
exhibits varying traits, necessitating a closer examination
of each material's unique characteristics. This section
explores the microstructural characteristics of significant
bi-metal alloys, namely Ti, SS, Ni, Al, and Cu as base
materials. Each of these alloys presents distinctive
interfacial characteristics influenced by factors such
as composition, crystalline structure, and processing
conditions. Understanding these nuances is crucial
for optimizing MMAM process parameter selection
and improving the mechanical properties of MMAM
structures. Each subsection is focused on one base material
alloy and contains a description of the relevant available
literature.

3.1. Stainless steel-based bimetallic alloys

Understanding the bonding between SS and Ni has been
explored numerous times (Table 1), with a few examples
shown in Figure 4. This combination of alloys is relevant
in extreme applications, including nuclear and aerospace,
where properties such as high strength, corrosion and
oxidation resistance, creep, and fatigue resistance are
required.”****® In the work by Bodner et al.,'* SS316L/
IN625 bimetallic structures were fabricated using liquid-
dispersed metal powder bed fusion. Due to the residual
stress gradient at the interface, a zigzag-patterned crack
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Figure 4. Interfacial meso- and microstructural characteristics of
stainless steel and nickel-based bimetallic alloys fabricated through
different multi-material (MM) additive manufacturing techniques.
(A and B) SS316/IN625 produced by MM-laser powder bed fusion
(LPBEF). Scale bar: 1 mm. Reprinted with permission from Bodner et al.'*
Copyright © 2020, Elsevier B.V. (C-F) SS316/IN625 MM-laser-directed
energy deposition (LDED). Scale bars: 1 mm and 250 wm. Reprinted
with permission from Chen et al."** Copyright © 2020, Elsevier B.V. (G-])
SS316L/IN718 MM-LPBF"*® and (K-M) SS316L/IN718 MM-LDED'”.
Scale bars: 5 um, 10 pm, 25 um, 100 um, 200 um and 250 um. Reprinted
with permission from Yusuf et al.'*® Copyright © 2020, Elsevier B.V. and
Ghanavati et al.'” The images highlight significant characteristics of the
interfacial morphology, phase transformation, grain structure, growth,
and bonding quality influenced by the process techniques and material
combinations.
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propagated from the SS316L interface region and expanded
into the IN625, as confirmed by scanning electron
microscopy imaging. Such patterned cracks formed due
to the implemented scanning strategy, which induced
residual stresses and mismatches in CTEs between the sub-
layers (Figure 4A and B).

Similarly, Chen et al.** fabricated multiple layers
of SS316L/IN625 using MM-LDED to understand the
microstructural characteristics at two types of interfaces:
type I (SS316L as a substrate) and type II (IN625 as a
substrate) (Figure 4C and D). This section focuses on type I
interfaces, while type II will be discussed in Subsection 3.3.
The type I interface exhibits a flat transition region due to
less penetration compared to type II (Figure 4E and F).
The shallower penetration in type I was attributed to the
lower energy absorptivity and thermal conductivity of
IN625 relative to SS316L. Fractography images revealed no
cracks or pores at the interface due to the lower density
and viscosity of SS316L compared to IN625. Beyond
surface observation, the inverse pole figure map of the
type I interface exhibited fine columnar grains in IN625
and equiaxed grains on SS316L. Similarly, in a hybrid-AM
process where SS316L was fabricated using LPBF and
IN625 using LDED, no cracks or porosity were visible on
the surface,'”® which validates the earlier findings. In all
cases, the interface exhibited a good transition zone with
smooth, defect-free bonding due to comparable melting
points and CTE values of the two alloys.

The SS316L/IN718 interface has been similarly analyzed
as the SS316L/IN625-LPBF interfaces. Yusuf et al.’*
observed that the transition zone exhibits equiaxed grain
growth with a transition zone thickness of approximately
100 um and was characterized by columnar grains in
the individual element-rich region (Figure 4G and H).
Despite the presence of irregular-shaped lack-of-fusion
pores (highlighted in red in Figures 41 and J), no cracks
were detected. Similar observations were made by Mei
et al.®' and Wei et al.,'”* who attributed the formation
of pores at the interface to energy-material mismatch
and uneven powder deposition during the MM-LPBF
fabrication. In contrast, Ghanavati et al.'” reported a
nearly defect-free interface between SS316L and IN718
(Figure 4K and L), which was attributed to the presence
of a strong local temperature gradient at the interface. The
microstructural solidification at the interface proceeded
through a narrow planar solidification mode, driven by
the high local temperature gradient.'” An EDS analysis
confirmed a smooth transition from the Fe- to Ni-rich
region (Figure 4M).

Across various AM processes, the SS/Ni bimetallic
structure with SS as substrate generally exhibited good

metallurgical bonding. Considering the CTE of SS316L,
IN625, and IN718, it is evident that IN718 has a lower
CTE compared to IN625. In SS316L/IN625 structures,
although the actual temperature increases from SS316L
to IN625 due to the heat source, a gradual decrease in
the liquid temperature within the transition zone inhibits
the protrusion of SS316L into this region, resulting in
a smoother interface. As reported by Bodnar et al.,'”
it is evident that the process parameters significantly
influence the formation of zigzag cracks at the SS316L/
IN625 interface. In contrast, for SS316L/IN718 bimetallic
structures, porosity and cracks were clearly observed in
MM-LPBF rather than MM-LDED. This behavior was
attributed to the formation of brittle intermetallic phases
during solidification, coupled with the lower CTE of IN718
compared to SS316L, which exacerbates thermal stress at
the interface.

Besides the influence of brittle intermetallic phase
formation and CTE, the authors speculate that the shielding
gas flow rate differences between SS316 and IN718 could
potentially have an impact on the interfacial porosity
formation, attributed to the deposition of spattering and
welding plume. The lack of data on shielding gas flow rate
at the interface provides no evidence of the influence of gas
flow rate but could be found on monolithic materials of
SS316"!" and IN718.'%

Stainless steel/Cu alloy combinations are utilized in
fields such as energy™ and automotive,” leveraging the
mechanical strength of SSand the high thermal conductivity
of Cu. Figure 5 illustrates the interfacial microstructural
characteristics of dissimilar SS/Cu materials with various
Cu alloys.

A bimetallic SS316L/C18400 structure fabricated
through MM-LPBF exhibited sporadic cracking (Figure 5B)
on the SS side of the interface, with a transition width of
750 um (Figure 5A)."*! These cracks were attributed to the
thermal mismatch between SS and Cu, whereby Cu diffuses
into austenitic grain boundaries of SS316L, exerting
pressure and causing cracking. Optical microscopic images
revealed SS-rich regions free of porosity or defects, while
a considerable number of pores were observed on the
Cu-rich region due to the high reflectivity and thermal
conductivity of Cu (Figure 5C and D). EDS analysis
revealed a good metallurgical bonding between SS316L
and C18400. With the understanding of the interfacial
characteristics of SS316L/C18400, the bimetallic structure
of S§316L/C25400 could also be examined. Similarly, an
SS316L/C25400/SS316L. MMAM structure manufactured
using MM-LPBF exhibited characteristics akin to the
SS316L/C18400. Bai et al'* observed the formation
of a few cracks at the transition region extending to the
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Figure 5. Interfacial meso- and microstructural characteristics of
stainless steel and copper bimetallic alloys fabricated through multi-
material-laser powder bed fusion. (A-D) SS316L/C18400'' and (E-G)
$S316L/C52400'. Scale bars: 20 um, 50 um, and 100 wm, magnifications:
(E and G) 300x. Reprinted with permission from Liu et al."*! (Copyright ©
2014, Elsevier Inc.) and Bai et al.'** (Copyright © 2020, Elsevier Inc.). The
images reveal the interfacial characteristics associated with each copper
alloy composition, highlighting variations in metallurgical bonding,
porosity formation, elemental diffusion, and phase transformation.

SS316L-rich region, attributed to the high content of Cu
(Figure 5E-G). Further analysis revealed that the cracks
formed within the SS-rich region were visible from high-
resolution optical microscopy (Figure 5F and G; indicated
by the yellow arrows).

Extensive research on SS316L/CuSnl0 bimetallic
structures has concluded that good metallurgical bonding
between SS/Cu is achievable.®®3*142185 The width of the
transition zone between SS316L/CuSnl0 and CuSnl10/
SS316L was about 400 um and 160 um, respectively,
indicating a higher bonding strength on the SS316L/
CuSnl0 side compared to the CuSnl0/SS316L side.*

An irregular elliptical island-like heterogeneous phase
appeared in both material-rich regions due to the high-
energy laser beam penetrating through several layers to
re-melt the solidified SS316L.°***!*> The rapid movement
of the laser beam caused the molten pool to be unstable.
However, CuSn10/SS316L exhibited fewer cracks than
§S316L/CuSn10. The crack formation was attributed
to liquid metal embrittlement, driven by differential
elemental diffusion rates at high temperatures, consistent
with the Kirkendall effect, similar to observations by
Liu et al>® Similarly, in SS316L/C18400'*' and SS316L/
C25400% bimetallic structures, cracks were observed at
the transition region and extended toward the SS-rich
region in both alloy combinations due to the high residual
stress in SS316L owing to its low CTE. A similar behavior
was observed in the SS316L/Cu/Ti-6Al-4V'* MMAM
structure using a Cu-alloy as an intermediate bonding
layer (IBL).

From these studies, it is evident that in SS/Cu bimetallic
structures, crack formation is primarily driven by dissimilar
thermal and mechanical properties between metal alloys.
Compared to SS/Ni bimetallic structures, which generally
exhibited good metallurgical bonding, SS/Cu combinations
were more prone to cracking, largely due to the significantly
higher thermal conductivity of Cu relative to SS. In SS/Cu
structures, cracks propagated in the Cu-rich region due to
the deeper penetration of Cu into the SS alloy. Conversely,
in Cu/SS bimetallic, a small amount of Cu penetrates the
interface of SS316L, and a brittle Cu film with low strength
is formed. In the subsequent cooling process, due to the
difference in the thermophysical properties between Cu
and SS, the degree of shrinkage between Cu and SS is not
consistent due to high residual stress, resulting in thermal
penetration cracking on the SS side.

In addition to the SS/Cu bimetallic structure, SS316L/Zr
and SS410/Zr bimetallic structures exhibited vertical cracks
during fabrication due to the differences in CTE and
dissimilar thermal properties.””" In contrast, SS316L/17-
4PH structures displayed a smooth transition without
intermetallic phase formation, attributed to the similarities
in thermal conductivity and CTE and a narrow thermal heat
gradient between the two materials.'”” Finally, SS316L/W
bimetallic structures exhibited larger, irregular pores in the
SS-rich region, which were closer to the transition region.
These pores and cracks were formed due to inadequate
process optimization, excess thermal stress gradient from
high heat input from the molten pool, and mismatch of
CTE values between the two materials."*® From all the above
miscellaneous studies, it was evident in SS316L/Zr, SS410/
Zr, and SS316L/W that thermal properties such as thermal
conductivity, CTE, and temperature gradient played a
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significant role in determining the metallurgical bonding
between dissimilar materials.

3.2. Titanium-based bimetallic alloys

A Ti-6Al-4V/Ti-5A1-2.5Sn  bimetallic  structure,
manufactured via MM-LDED and tested by Wei et al.,'*!
exhibited high-quality metallurgical bonding, attributed
to optimized deposition parameters. Throughout the
entire specimen, defects such as pores, cracks, and lack of
fusion were notably scarce, underscoring the efficacy of the
employed parameters and the presence of extremely high
thermal gradients along the build direction.”" In addition,
an EDS line scanning profile of the as-built specimen
revealed an interdiffusion region spanning 70 um at the
interface, with the elemental composition transitioning
from Tin (Sn)-dominant to Vanadium (V)-dominant. A
strong Marangoni convection allowed the V elements to
move downward and the Sn elements to move upward
within the molten liquid. This well-interfacial bonding
between dissimilar materials increased its strength
compared to Ti-5A1-2.58n layers. The physical and thermal
properties of Ti-6Al-4V and Ti-5Al1-2.5Sn were consistent,
which is evidently represented in the interface bonding,
indicating a smooth transition of elements from one side

Ti64 Layer

SS410 Base

to another. Although the elemental composition of both
alloys is different, they produced a near-homogeneous
martensitic microstructure due to the high cooling rate.

In contrast, the interface in a Ti-6Al-4V/SS410
bimetallic structure observed by Onuike et al."** exhibited
a narrow (15 um) transition region with numerous cracks
perpendicular to the interface due to the immiscibility
of SS and Ti alloy. Both materials were discerned by a
thin layer of phase mixture (Figure 6A). To overcome the
immiscibility of Ti-6Al-4V and SS410, niobium (Nb)"*
and Ni-chromium alloy (NiCr)'** were used as an IBL to
optimize the metallurgical bonding. Ti-6Al-4V/Nb/SS410
fabricated using MM-LDED showed a good metallurgical
bonding with no cracks or de-bonding. Due to the
Marangoni convection, an upward movement of elements
such as Ti, V,and Nb into the SS410 layer was observed using
EDS (Figure 6B). Notably, no brittle intermetallic phases
(e.g., FeTiand Fe, Ti) were detected at the IBL, emphasizing
the role of Nb as an intermediate bond and diffusion barrier
layer. This highlights its effectiveness in mitigating brittle
intermediate phases and reducing thermal stresses.

Conversely, in Ti-6Al-4V/NiCr/SS410, a significant
number of pores were observed at the interface,

NiCr Bond Layer

00 pm

NCe Bond Layer

$5410 Base

ssa10
Pores,

$5410+N0 l
- 00,

-

Figure 6. Interfacial characteristics of titanium (Ti)-based bimetallic structures. These structures were fabricated using (A) Ti-6A1-4V/NiCr/SS410
MM-laser-directed energy deposition (LDED)'*? and (B) Ti-6Al-4V/Nb/SS410 MM-LDED."** The images reveal the interfacial evolution and metallurgical
bonding behavior across the Ti-base alloy combination with interlayer, with particular emphasis on elemental transition, interlayer strategies, crack
formation, and phase formation. Scale bars: 10 pm, 50 um, 200 wm, 400 um, 500 um, and 0.5 mm. Reprinted with permission from Sahasrabudhe et al.'?
(Copyright © 2014, Elsevier B.V.) and Onuike and Bandyopadhyay'** (Copyright © 2018 Elsevier B.V.).
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attributed to the inadequate energy input during NiCr
layer deposition.'’” Nevertheless, Ti-6Al-4V/NiCr has
amalgamated and formed a strong overall bonding, as
evidenced by the presence of light and darker circles, as
observed in Figure 6A. The disparity in thermal properties
between Nb and NiCr contributes to the observed porosity
in Ti-6Al-4V/NiCr/SS410 but not in Ti-6Al-4V/Nb/SS410.
This underscores the importance of material compatibility
and thermal characteristics when selecting intermediate
materials. Another interesting investigation looked at the
effect of transition joints on the interfacial characteristics
in Ti-6Al-4V/TiC. Using dual-material transition joints,
two distinct joints - (1) Butt joint and (2) interlock
joints illustrated a crack-free interfacial bonding.'*
These findings shed light on the effectiveness of different
joint configurations in achieving a strong and seamless
bond, providing valuable insights toward the design and
fabrication of dual-material transition applications. Owing
to the similar physical and thermal properties of Ti-6Al-4V
and TiC, the resulting bonds exhibited defect-free surfaces
and microstructural characteristics resembling those
observed in Ti-6Al-4V/Ti-5Al-2.55n joints.

3.3. Nickel-based bimetallic alloys

Bimetallic structures of IN718/SS316L"° and IN625/
SS316L,%? fabricated using MM-LPBF and MMLDED,
respectively, exhibited similar wavy characteristics at the
interface. These distinctive characteristics are caused by
the high degree of molten pool banding, compared to the
interface between SS316L/IN625, as explained in Section
3.1 (Figure 4C, D, and F). The interface exhibited epitaxial
growth, implying that irregular-shaped coarse grains are
observed at the transition/composite zone. At the IN718/
SS316L interface, Duval-Chaneac et al'® observed a
minor crack formed due to liquation cracking (Figure 7A).
Liquation cracking occurs due to the rapid solidification
of alloys with high alloying content, which widens the
solidification range and promotes the formation of
liquation cracks. Notably, both Ni-based systems exhibited
interfacial cracks resulting from solidification-induced
stresses and the absence of compensating melt flow. In
contrast, a Ni/Cu bimetallic structure demonstrated poor
metallurgical bonding, with strong interfacial adhesion
between the two alloys.'®* The high thermal conductivity of
Cu allowed deeper penetration into the Ni-based substrate,
promoting diffusion and metallurgical integration. Onuike
et al.** examined IN718/GRCop-48 bimetallic structure
fabricated using LDED and observed poor interfacial
bonding, characterized by metal lump formation and the
balling phenomenon. This was attributed to the extreme
differences in thermal properties and poor diffusion
compatibility. To address this, a compositional gradient
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Figure 7. Interfacial characteristics of nickel (Ni)-based bimetallic alloys
fabricated through multi-material laser powder bed fusion (MM-LPBF)
and mixed-material laser-directed energy deposition (MM-LDED).
(A) IN718/SS316L produced by MM-LPBF'** and (B) IN718/Ti-6Al-4V
produced by MM-LDED."¢ The images reveal minor crack formation,
metal lump formation, and delamination at the interface across different
material combinations and process techniques. Scale bars: 10 wm and
50 um. Reprinted with permission from Onuike and Bandyopadhyay'*®
(Copyright © 2018 Elsevier B.V.) and Duval-Chaneac et al.”*’ (Copyright
© 2021 Elsevier Ltd.).

layer was introduced, which facilitated improved bonding
by gradually bridging the thermal and physical mismatches
between the dissimilar alloys. This approach highlights
the effectiveness of using a gradient transition layer in
overcoming bonding challenges in systems with significant
property disparities.

Similar to previous studies, the interfacial characteristics
of IN718/Ti-6Al-4V'*¢ and NiTi/Ti-6Al-4V>* were observed
to form lateral cracks with no visible crack formation. The
lateral crack formation at the interface between IN718/
Ti-6Al-4V was due to the larger dissimilarities in CTE
and immiscibility, which inhibit bonding; the crack
was later overcome by introducing a vanadium-carbide
compositional bonding layer (Figure 7B). Vanadium-
carbide serves as a bonding link for dissimilar materials and
minimizes the formation of brittle intermetallic phases.'*
However, due to the close range in thermal properties
between NiTi and Ti-6Al-4V and NiTis secondary
dominant composition being Ti-element, the interface
exhibited good metallurgical bonding. Bartolomeu et al.**
indicated that, due to the MM-LPBF fabrication strategy
(removing excess powder before adding Ti-6Al-4V) along
with adequate process parameters, the number of cracks
was reduced, and good metallurgical bonding was achieved.
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Lastly, a Ni-Al alloy dissimilar material composition
was studied by Liu and Dupont.’®® They observed high
solidification and sub-solidus cracking susceptibility,
as well as porosity formation. The porosity formation
was caused by the use of water-atomized Ni rather than
gas-atomized Ni, and the cracks were formed due to the
combined effect of high thermal stress and brittleness of
the intermetallic. Subsolidus cracking and porosity were
formed at the interface due to differences in thermal
properties.

3.4. Ferrous-, aluminum-, and copper-based
bimetallic alloys

In the Fe/SS (P21/SS316L)'*¢ bimetallic structure fabricated
using MM-LDED, a good metallurgical bonding without
cracks, pores, or unmelted particles was observed at
the interface due to the rapid cooling and steep thermal
gradient. The P21 morphology consisted of diminutive
austenite and mostly of martensite. However, the interface
of H13 (ferrous alloy)/Cu was observed to be discrete
compared to Fe/SS, where micro-cracks and pores were
observed even though Cu was able to adhere to HI3
(Figure 8A and B). The cracks were formed due to the
solidification cracks and higher CTE variation between
H13 and Cu and propagated perpendicularly towards the
H13 region.'”” However, in the 18Ni300/CuSn10 bimetallic
structure, the interface appeared relatively loose, with small
pores and interfacial mixing of a-Fe and o-Cu phases, as
evidenced by scanning electron microscopy and EDS
mapping. In contrast, in the CrMn/MS1 (ferrous/ferrous
alloy) bimetallic structure, the interface exhibited a good
metallurgical bonding with no cracks or pores, attributed
to its similar thermal properties. At higher magnification,
a curved solidification characteristic was visible due to the
Marangoni convection (Figure 8C-F).'®

In studies where Al was the base material, Wang et al.'”?
and Sing et al.'” investigated Al-12Si/Al-Cu-Mg-Si and
Al-12S8i/C18400, respectively. In Al-12Si/Al-Cu-Mg-Si,
the interface exhibited good metallurgical bonding with
no pores and few defects on the base material due to
a similarity in their thermal properties. However, the
Al-12Si/C18400 interface exhibited cracks compared to
the Al-12Si/Al-Cu-Mg-Si due to the dissimilarities in CTE,
resulting in uneven expansion and contraction during
solidification.'® However, a good metallurgical bonding
was indicated with a transition region of 200 um in both
cases.

Both bimetallic structures Cu-Cr/07Cr15Ni5'”® and T2
(Cualloy)/MS1'” exhibited defects such as cracks and pores
due to the high thermal conductivity of Cu-Cr, insufficient
energy applied during manufacturing, and variations in

process parameters. In the bimetallic structure of Cu/MS1,
specimens were fabricated by Tan et al."”” using LPBF at
different scanning speeds (500 - 1,250 mm/s). At low scan
speeds (500 - 950 mm/s), the interface exhibited good
metallurgical bonding. However, at high scan speeds (1,100
and 1,250 mm/s), cracks due to residual stress and pores
due to lack of fusion were observed (Figure 8G and H).
High thermal conductive Cu enhanced the metallurgical
bonding mechanism through Marangoni convection,
contributing toward interfacial elemental diffusion and
bonding strength.

4, Mechanical characteristics of MMAM
structures

Understanding the mechanical properties of an
MM composition is crucial for comprehending its
characteristics. With the potential of manufacturing MM
samples through AM methods, conducting mechanical
testing would expand researchers’ understanding of the
primary, interfacial, and secondary material properties.
The evaluation of the MMAM structure properties will
support the qualification of components fabricated with
MMs based on the target regime or environments that the
materials are expected to experience.

This section explores the mechanical properties of
MMAM components, organized according to the types
of mechanical tests performed on MM components.
These tests provide crucial insights into the performance
and integrity of the interface between dissimilar
materials. The mechanical evaluations include hardness
(Section 4.1), tensile testing (Section 4.2), flexural
strength (Section 4.3), compression test (Section 4.4),
fatigue (Section 4.5), and miscellaneous testing (Section
4.6), including wear performance, thermal diffusivity,
and shear bond test. Table 2 provides an overview of
all mechanical testing conducted on MMAM to date,
categorizing them by microhardness, tensile, flexural,
and miscellaneous tests and further categorizing them
according to the base material. As shown in Figure 10,
microhardness and UTS are the most commonly
employed techniques to the interfacial
performance in MM components.

evaluate

4.1. Micro-hardness/micro-indentation

Hardness testing is often conducted on MMAM specimens
as a preliminary test, following the ASTM standard
E384'% for small- or large-scale specimens. Hardness
testing provides data about the material’s resistance to
deformation, indentation, scratching, or penetration.
From the empirical studies collected (Table 2), hardness
testing is one of the most widely adopted testing methods
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Figure 8. Interfacial characteristics of iron- and copper (Cu)-based bimetallic structures fabricated through mixed-material laser powder bed fusion
(MM-LPBF) and mixed-material laser-directed energy deposition (MMLDED). (A and B) H13/pure Cu produced by MM-LDED,'*” (C-F) CrMn/MS1
produced by MM-LPBE'® and (G and H) T2/MS1 produced by MM-LPBE"” The images reveal the interfacial morphology, metallurgical bonding,
elemental diffusion, and microstructural characteristics. Scale bars: 10 um, 20 um, 30 pwm, 50 pm, 100 um, and 200 um, magnifications: (A) 1200x,
(B) 1500x, (E) 300x, (F) 1000x. Reprinted with permission from Zhang et al.'*” (Copyright © 2020 Elsevier B.V.), Bai et al.'®® (Copyright © 2020 Elsevier
B.V.), and Tan et al.'”” (Copyright © 2018 Elsevier Ltd.).
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Table 2. Mechanical testing of each bimetallic combination

Deposited Titanium Stainless steel alloy Nickel alloy ~ Aluminum Copper alloy Ferrous alloy ~ Miscellaneous
material alloy alloy alloy
Base
material
StainleSS Steel A) B123 A126,127,129,l30) A56,128,l40) (A’ Fcom)144,166 (A) C) 148
alloy (A, By (A,B,CEF_)% (A OM,
(A, B, G, E)' (A, B)

Titanium alloy (A, F,_ )",  E™ A AY

(A B)189 151

( ) 122
Nickel alloy (A Ey )% (B) (AF,, ) (A7 (A Fpy,, )™

(A= (A, F, )™, (A)
Ferrous alloy ()" A (B, E)'”, (A, C)'7 (A, B)'®,

(B,D,F, )™ (B, D, FFM)”O

Aluminum alloy (A, C)7217 (A, C,E)™, (A, E)'7 A6 A7
Copper alloy A,B,F 1 A7

Note: The mechanical testing conducted on each bimetallic combination is denoted alphabetically. For detailed information on the alloy composition in
a specific reference within the multi-material additive manufacturing combination and specific experimental procedures, refer to Table A2.

Abbreviations: A: Hardness; B: Tensile strength (||); C: Tensile strength (=); D: Flexural strength (||); E: Flexural strength (=); F_
: Thermal diffusivity.

Fatigue; F, :Bond shear; F, : Wear performance; F
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Figure 9. Build orientation of multi-material additive manufacturing
samples that are used in the literature. Type A: Two distinctive materials
stacked vertically. The dissimilar materials meet at the horizontal
interface. Type B: Two material systems joined side by side along the
vertical interface. Type C: Two materials layered on top of each other
horizontally, forming a horizontal interface. Type D: Similar to Type C,
with the horizontal interface at the middle of the thickness of the specimen

|

Material A [l Build direction

as it provides valuable insight into the mechanical integrity
and performance of the components.

In bimetallic structures such as SS316L/Nj!2612712%13L157
and Ni/SS316L,31581€ the interface region exhibits a
smooth transition from higher to lower hardness level
or vice versa, reflecting the changes from one material
to another. The literature revealed a smooth gradient in
hardness across the interface, with bulk-Ni alloys such as
IN718 and IN625 exhibiting a hardness level of 304+16
HV and 260£13 HYV, respectively. Feenstra et al.'"™” noted

: Compression; F 't

that increasing the laser power resulted in a decrease in
hardness, particularly at the interface region. Interestingly,
the incorporation of carbon fiber IBL in IN718/SS316L
MMAM structures resulted in a 1.5 to 2-fold increase in
microhardness relative to the monolithic materials. The
increase in hardness is attributed to the formation of
chromium-rich carbides at the interface.'® Beyond the
general observation of a gradual hardness transition, both
laser power and incorporation of an IBL have been shown
to significantly influence the hardness level. These trends
in SS/Ni structures offer a useful comparison to other
bimetallic structures, such as SS/Cu, which are discussed
in the following sections.

Similarly, the MMAM structures composed of SS316L/
Cu'® or Cu/SS316L% exhibited similar hardness transitional
behavior to that of SS316L/Ni. Specifically, in SS316L/
Cu, hardness levels descend from 240 + 37 HV (SS316L)
to 156 + 4 HV, 181 HV, and 74 HV for CuSn10, C52400,
and C18400, respectively (Figure 10A). A reverse trend
is noted when transitioning from Cu to SS316L (Figure
10B). A smooth transition between SS and Cu alloys was
revealed, attributed to the variation in Fe and Cu content
in the melt pool and grain refinement at the interface.
Supporting these observations, Meyer et al.'* Liu et al.'**
observed a higher hardness level of 248.6 + 22.5 HV in the
diffusion zone when compared to the monolithic material
region of SS316L and CuSn10. This increase is attributed
to the presence of highly refined grains, which hinder
dislocation movements and enhance microhardness, in
addition to strain hardening induced by micro-strains.
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Figure 10. Representative hardness profile of various bimetallic structures fabricated through multi-material laser powder bed fusion (MM-LPBF) and
multi-material laser-directed energy deposition (MM-LDED): (A) SS316L/CuSn10 (MM-LPBF);* (B) SS316L/C25400/SS316L (MM-LPBE);* (C)H13/Cu
(MM-LDED);"" (D) AI/W (MM- LDED);"” (E) Al12Si/Al3.5Cul.5MglSi (MM-LPBF)."”? These profiles illustrate the hardness gradient across interfacial
regions, capturing effects due to material mismatch, processing parameters, and interlayer presence. The hardness data represent transitions across
interfaces and highlight the influence of process conditions, elemental diffusion, and interlayers on local mechanical response.

The hardness level transition in the bimetallic structure

of SS/Cu revealed that the grain refinement, elemental

diffusion, and strain hardening played a significant role in

the hardness of the components.

Extending this trend to SS-based MMAM structure, the
interface region of SS316L/P21'*" and SS316L/17-4PH

revealed a smooth transition of hardness. This behavior was
attributed to residual stresses and the finer microstructure
inherent to these combinations of dissimilar materials. The
bulk hardness values of P21 and 17-4PH were reported
as 330 HV and 312 HYV, respectively, while the interface
between SS316L/17-4PH and SS316L/P21 exhibited an
average hardness of 232+7 HV. Unlike SS/Fe MMAM
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structures, the interfacial region of SS316L/tungsten
exhibited a higher hardness of 543+3.7 HV compared to
the SS316L and tungsten-rich region, which exhibited
392+1.6 HV and 411.7+3.3 HV, respectively.'*

This increase in hardness is due to the secondary phases
like Fe, W, Fe, W, C, and Fe W, which disperse high levels
of hardness due to the presence of brittle and intermetallic
compound (IMC) phases. In bimetallic structures with
SS316L as the substrate, it was revealed that the hardness
mostly exhibited a smooth transition, besides cases having
a poor interfacial characteristic (discussed in Section 3),
which has influenced the hardness at the interface by
forming intermetallic phases that have higher hardness
values.

A similar trend in interfacial hardening has been
observed in other combinations of MMAM structures.
Wei et al.™! studied the Ti-5A1-2.55n/Ti-6Al-4V structures
and observed a smooth transition at the interface for both
as-deposited and annealed specimens, noting a drop in
overall hardness of the specimen due to the softening
effect provided by the “o' > o recrystallization process.
Similar to the SS316/CF/IN718 structure, the influence
of the IBL in Ti-6Al-4V/SS410 was also significant—with
the introduction of IBL, such as Nb and NiCr—exhibiting
distinct effects on interfacial hardness. The Ti-6Al-4V/Nb/
SS410 MMAM structures exhibited a smooth transition
up to the interface with SS410, where the hardness value
dropped due to the element diffusion and heat-affected
zone."”* However, in Ti-6Al-4V/NiCr/SS410, the hardnessat
the interface was observed to be smoother compared to the
specimens with an Nb IBL."? In a Ti/Cu MM composition,
it was observed that the hardness of the interface region
increases with increasing Cu content, primarily due to the
formation of hard IMCs and solid solution strengthening.'*
The transition through the interface in the Ti/Ti and Ti/
IBL/SS bimetallic structure revealed a smooth transition in
hardness. In the Ti/Ti bimetallic structure, an overall drop
in hardness was observed due to annealing, while in the Ti/
IBL/SS bimetallic structure, the presence of IBL influenced
the interfacial region to form a smoother transition with
no abnormalities.

Overall, these studies highlight that the selection
of IBL and constituent materials in MMAM structures
critically governs the interfacial hardness profile, with
smoother transitions and tailored mechanical responses
achievable through strategic material design and thermal
management.

Similar to the earlier findings, in the MMAM structures
of NiTi/Ti-6Al-4V*? and IN718/Ti-6Al-4V,"** a smooth
transition with no abrupt changes at the interface was
observed during transitioning. In IN718/Ti-6Al-4V, the

diffusion of chromium carbide particles into the IN718
led to the formation of the Cr,C, phase, which resulted
in higher hardness at the interface compared to the bulk
materials. Similarly, the IN718/Cu MMAM structures
fabricated using MM-LPBF and MM-LDED revealed
enhanced interface hardness. In MM-LPBE this was
attributed to rapid solidification effects from the localized
laser remelting.*”'** However, the MM-LDED study did
not provide detailed information on the interface or the
transition in hardness. The studies on Ni/Ti and Ni/Cu
revealed a smooth transition similar to the earlier bimetallic
structure observation. In IN718/Ti-6Al-4V, the formation
of intermetallic phases resulted in superior hardness than
the bulk material. These findings further affirm that in
MMAM structures, smooth interfacial transitions can
be achieved even between highly dissimilar materials,
with interfacial hardening predominantly influenced by
elemental diffusion, intermetallic formation, and process-
specific thermal conditions.

In contrast, the hardness at the interface of H13/Cu
did not exhibit a smooth transition. Instead, it exhibited
a peak hardness at the interface attributed to the increased
laser hardening, followed by a sudden drop, which was
attributed to poor diffusion of elements (Figure 10C).*”
Similarly, in CrMn/MS1 bimetallic structures, a mostly
smooth transition was observed, but with a sudden
hardness increase at the interface, resulting from the
influence of the presence of MS1.'¥ Overall, in the SS316L/
P21, SS316L/17-4PH, and CrMn/MS1 MMAM structures,
a smooth transition from harder to weaker material was
revealed, though CrMn/MS1 uniquely exhibited a localized
hardness increase at the interface. In contrast, the H13/Cu
bimetallic structure interface deviated significantly from
this trend, showing a rapid hardness change due to laser
hardening in the deposited H13 region and a subsequent
drop caused by insufficient interdiffusion.

Additional insight into hardness behavior across
dissimilar materials was observed in Al-based bimetallic
structures. The hardness factors of Al/tungsten, AlSi10Mg/
C18400, and Al12Si/Al3.5Cul.5Mgl1Si MMAM structures
were analyzed extensively,'>'®  revealing unique
behaviors at the interface and during transitioning. In
the Al/tungsten bimetallic structure, a smooth transition
from tungsten (high hardness) to Al (low hardness) was
observed."”” In addition, the hardness throughout the
sample increased as the scanning speed was reduced
(Figure 10D). In AlSi10Mg/C18400, a gradual hardness
decrease was observed from the Al-rich to Cu-rich regions,
with anomalous hardness values exhibited at the interface.
Such anomalous hardness values are due to the presence
of brittle intermetallic Al Cu, which results in hardness
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ranges of 400 - 600 HV.'”” In Al12Si/Al3.5Cul.5MglSi
MMAM structures, the interfacial region showed a sudden
drop in hardness moving away from Al12Si."”? From the
silicon-dominant region (zone II) to the Cu-dominant
region (zone III) (Figure 10E), the hardness increased
significantly. This was attributed to the microstructural
shift from cellular to granular morphology, accompanied
by the development of a <001> fiber texture. Beyond zone
III, however, the hardness decreased again due to grain
growth and increased silicon content.

4.2, Tensile strength

Analyzing the tensile strength of MMs is necessary to
determine the tensile characteristics at the interface and
the bond between the dissimilar metals based on the
deposition order and design. This section delves into
the tensile properties of MMAM structures, where the
dissimilar material deposition configurations are classified
with respect to the build direction as Types A, B, C, and
D, as shown in Figure 9. For the ease of the readers, the
discussion follows the same order as Section 3, beginning
with SS-based to Cu-based bimetallic structures.

The tensile strength of SS/Ni bimetallic structures has
been evaluated using different compositions of Ni-based
alloys, such as IN625"*"" and IN718.°' For SS316/
IN625 structures fabricated in the Type-A orientation,
Feenstra et al."” and Ahsan et al.'*® used MM-LDED and
MM-WAAM, respectively. In both cases, the UTS was
found to be greater than that of wrought and as-built SS316,
with the bimetallic structures exhibiting a UTS of 577 +
16 MPa. Interestingly, elongation values ranged from 10 -
15% in MM-LDED to 40% in MM-WAAM. Both studies
reported dimple-like features on the fracture surfaces,
suggesting ductile failure through micro-void coalescence.
For SS316L/IN718 fabricated in Type-A orientation using
MM-LPBE UTS and elongation values were 596 + 10 MPa
and 28.1%, respectively—higher UTS than AM-SS316 but
lower elongation than AM-IN718. Post-fracture analysis
of the fracture surface revealed similar features to SS316/
IN625, with dimple-like characteristics leading to a mixed-
mode fracture, where the ductile mode was prominent. In
both bimetallic structures, UTS values exhibited similar
trends with a variation of 19 + 19 MPa, and elongation
remained within a comparable range. The root cause of
failure in both cases was the formation of micro-voids at
the interface, leading to ductile fracture and lower UTS
compared to monolithic Ni-based alloys. Mitigating
interfacial micro-voids could potentially enhance the
mechanical performance of bimetallic structures.

the evaluation
researchers  have

to SS/Cu bimetallic
investigated  various

Extending
structures,

combinations fabricated using Cu alloys such as
CuSn10°*"**'%5 and C18400."" Chen et al.** manufactured
SS316L/CuSn10 specimens in both Type-A and Type-D
orientations. In both cases, the tensile strength and
elongation were lower than those of bulk SS316L, with
UTS values of 423.3 + 30.2 MPa and 459.1 + 8 MPa,
and elongation values of 4.6 £ 0.9% and 10.5 + 1.7%,
respectively. Type-D specimens exhibited slightly higher
UTS and approximately 6% greater elongation than Type-A
specimens (Figure 11A). Fractography revealed distinct
fracture modes: Type-A specimens exhibited cleavage
fracture (a brittle transgranular mode) at the interfacial
layer, attributed to unmelted SS316 powder particles,
whereas Type-D specimens demonstrated a mixed mode
of transgranular and intergranular fracture, with brittle
fractures concentrated at the fusion zone.

Liu et al'® reported similar trends for Type-A
orientation, although they observed lower tensile strength
than that reported by Chen et al.,*® primarily due to the
presence of pores and interfacial cracks. A comparative
study between LPBF and laser-welded structures indicated
that LPBF showed higher tensile stress, attributed to finer
grain structures formed under higher cooling rates.'*
Compared to SS316L/CuSnl10,"* the tensile strength of
SS316L/C18400 in Type-D orientation was lower (310 +
18 MPa. However, unlike in previous SS/Cu bimetallic
systems, the fracture occurred on the Cu-side (the weaker
material), indicating a well-formed metallurgical bond.
Between CuSn10 and C18400, the latter showed improved
bonding with SS316L, likely due to the lower reactivity of
Fe-Cr compared to Fe-Sn. The Fe-Sn system is prone to
form brittle intermetallic phases such as FeSn,.In addition,
Type-D orientation marginally performed better than
Type-A, which may be attributed to the larger bonding
area of Type-D.

Extending beyond Cu-based bimetallic, SS316L has
also been combined with dissimilar materials such as W**
and Ti-6Al-4V,'* yielding varied interfacial characteristics.
In MM-LPBF-fabricated SS316L/W (Type-D) structures,
tensile strength increased from 239.7 MPa to 257.4
MPa after heat treatment, while elongation improved
significantly from 5.3% to 17%."*¥ This improvement was
attributed to the transformation of the brittle fracture
mode to a more ductile one, driven by the formation of
Fe. W, near the interface—an inherently hard and brittle
phase. Fractures typically initiated on the W side of the
interface. For SS316L/Ti-6Al-4V (Type-A) MM-LPBF
structures, in which a Cu-alloy was used as an IBL, the
scanning speed was a key parameter. Tey et al.'> observed
that specimens built at 650 mm/s exhibited higher tensile
strength and better bonding than those built at 350 mm/s.
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Figure 11. Quasi-static tensile stress—strain response of selected bimetallic structures fabricated throughmulti-material laser powder bed fusion: (A) SS316L/
CuSn10;**and (B) MS1/Cu;'” and (C) Ti-5A1-2.55n/Ti-6Al-4V."*! The graphs highlight mechanical behavior across bimetallic interfaces, including differences
in strength, ductility, and elongation. A schematic representation of the build orientation is also provided, consistent with that in Figure 9.

This resulted in a predominantly ductile fracture mode,
in contrast to the brittle failure observed in lower-speed
builds. In the above-mentioned MM-LPBF structures, the
presence of defects and porosity evidently contributed to
premature failure compared to the bulk materials. In both
SS316L/W and SS316L/Ti-6Al-4V systems, characteristics
such as heat treatment and processing parameters played
a critical role in determining tensile behavior. These
improvements were largely attributed to the removal of
brittle IMCs and the relief of through-thickness residual
stresses. Elimination of IMCs facilitated a transition from
brittle to ductile fracture modes in both systems.

Although extensive research has been conducted
on SS-based bimetallic structures, Ti-based bimetallics
have also gained attention for their tensile strength. The

tensile strength of Ti-5Al-2.5Sn/Ti-6Al-4V (Type-A) in
as-deposited specimens reached a UTS of 1,034 MPa and
an elongation of 4%, which is lower than that of forged
Ti-alloys—primarily due to the formation of martensite
microstructure.”’ Similar to the SS316/W system,'*
heat treatment increased elongation by 10%, due to the
decomposition of the martensite phase, which led to a
significant improvement in the strength-ductility balance.
Compared to forged and AM monolithic materials,
the bimetallic UTS exceeded that of forged alloys but
remained lower than their AM counterparts, whereas
elongation showed the opposite trend. Fractography
analysis of the as-deposited bimetallic revealed that the
fracture occurred on the To-5Al-2.5Sn side, due to its
lower hardness compared to Ti-6Al-4V. This observation

Volume 1 Issue 2 (2025)

20

doi: 10.36922/ESAM025180010


https://dx.doi.org/10.36922/ESAM025180010

Engineering Science in
Additive Manufacturing

Multi-material additive manufacturing of metals

is validated by the hardness data presented earlier in
Section 3.2.

MS1/Cu (Type-A)"® and CrMn/MS1 (Type-A)'¢
bimetallic structures outperformed the weaker constituent
materials when compared to the earlier examples. In the
MS1/Cu system, specimens fabricated at various scanning
speeds showed similar UTS and elongation, except for
the one built at 1,250 mm/s. At this higher scanning
speed, a fracture occurred at the interface rather than on
the Cu side, which had been the fracture location in all
other specimens (Figure 11B). As previously discussed
in Section 3.1 (Figure 8G), the MS1/Cu interface at low
scanning speeds exhibited good metallurgical bonding
due to enhanced thermal conductivity and Marangoni
convection. These effects, influenced by Cu and Fe
dissolution, contributed to the solid-solution strengthening
of the Cu at the interface. In the CrMn/MS1 bimetallic
structure, specimens exhibited slightly higher tensile
strength compared to wrought CrMn, but lower than AM
MSL1. The fracture occurred on the CrMn side, indicating
good metallurgical bonding. As with earlier observations,
tensile strength and elongation were influenced by process
parameters, indicating that optimal scanning conditions
can promote ideal metallurgical bonding. Notably, CrMn/
MS1 exhibited better tensile strength than wrought CrMn
due to its improved bonding. Interestingly, bimetallic
structures composed of the same alloy system but with
different compositions (e.g., Ti-5Al-2.5Sn/Ti-6Al-4V)
demonstrated better tensile behavior than the weaker
monolithic constituent. This could be attributed to good
metallurgical bonding and a defect-free interface.

Similar to the other same-alloy bimetallic structures,
the AISi10Mg/C18400 (Type-D) specimen exhibited
higher tensile strength than C18400, but significantly lower
than AlISi10Mg.'” Failure predominantly occurred on the
Cu-rich side, reinforcing the notion that interfacial bonding
between Al and Cu is stronger than the bonding within
the Cu-rich region itself. Fractographic analysis revealed
a mixed brittle and ductile fracture mode, with ductile
features dominating. This was influenced by the presence
of unmelted particles on the Cu side of the fracture surface,
which acted as stress concentrators and initiated failure.
Similarly, tensile testing of Al12Si/Al3.5Cul.5MglSi
(Type-A) revealed a higher YS of 267 + 10 MPa compared
to as-built LPBF bulk counterparts. However, the UTS was
lower than that of the bulk materials due to differences in
microstructure.'”? Fractographic analysis revealed a brittle
fracture mode approximately 200 wm from the interface
on the Al12Si side, indicating good metallurgical bonding
accompanied by localized embrittlement. Finally, for the
Al6060/A15087 (Type-A) bimetallic structure fabricated

using MM-WAAM in the longitudinal direction, Hauser
et al.'” reported that the YS of as-built monolithic Al6060
was lower, and that of as-built monolithic Al5087 was
higher than that of the bimetallic counterpart. Similar
trends were observed for UTS values. Upon heat treatment,
all specimens—including the bimetallic—experienced
improved YS and UTS as expected. The UTS of the heat-
treated bimetallic structure was comparable to that of
Al6060 and slightly lower than that of A15087, confirming
the beneficial influence of post-processing on mechanical
performance. Consistent with earlier observations, porosity
and defects negatively influenced mechanical properties in
Al/Cu bimetallic structures. In contrast, Al/Al bimetallics,
similar to other same-element combinations (e.g., CrMn/
MS1-Fe/Fe and Ti-5A1-2.5Sn/Ti-6Al-4V-Ti/Ti), exhibited
good metallurgical bonding and superior mechanical
performance compared to wrought material or monolithic
as-built materials.

4.3. Flexural strength

Compared to other mechanical properties, the flexural
strength of MMAM structures has received relatively
limited attention. Among the available literature, ferrous-
based MMAM structures such as C300MS/AISI304 and
C300MS/AISI1045CS, fabricated in Type-A and Type-D
orientations (Figure 9), have shown promising results.
Both bimetallic structures exhibited higher flexural YS
and Ultimate flexural strength (UFS) compared to their
monolithic counterparts.'”® Notably, while the UFS of
C300MS/AISI1045CS was 9.2% lower than that of its base
material AISI1045CS, the C300MS/AISI304 specimen
exceeded its monolithic counterpart by 2.5% (Figure 12).
This suggests that interfacial strengthening in C300MS/
AISI304 is more effective, likely due to coherent grain
orientation bridging across the interface, which enhances
load transfer and structural integrity.

A similar interfacial effect was observed in MS1/Cu
MMAM structures fabricated using LPBF in the Type-A
orientation (Figure 9) under varying scanning speeds.
The flexural strength varied significantly, attributed to the
presence of defectsand suboptimal processing conditions.'”
Among the tested parameters, a moderate scanning speed
of 800 mm/s yielded the highest UES of 557 + 19 MPa, due
to strong interfacial bonding and defect-free (Figure 12B
[regarding flexural strength] and Figure 8G and H
[regarding interfacial morphology]). Beyond the influence
of process parameters, IBL additions can also affect the
flexural properties of the MMAM structures. In SS316L/
CuSn10 and CuSn10/SS316L, the flexural strength differed
due to the incorporation of tin-bronze (TB). Specifically,
the addition of TB flexural strength by 20% in both
configurations.”®'*? Despite this reduction, both structures
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exhibited good metallurgical bonding, though dendritic
cracks were observed, attributed to CTE mismatch. The
more significant reduction in flexural strength observed by
Chen et al."*? compared to Chen et al.*® can be attributed to
a wider transition zone, which compromises mechanical
homogeneity across the interface. Finally, in AlSil0Mg/
C18400 MMAM structures, the orientation of the base
material significantly influenced flexural performance.
When Al served as the substrate, both flexural strength
and strain were higher compared to configurations where
Cu was the base material.'”> This outcome is linked to the
higher porosity and lower mechanical integrity of the
Cu-rich region, emphasizing that most of the load-bearing
capacity is retained by the Al side. In both cases, porosity
formation at the interface, attributed to mismatch thermal
properties, resulted in reduced flexural strength.

4.4. Compression strength

Among the available MMAM empirical studies,
compression testing remains relatively underexplored,
with only a limited number of investigations focusing on
this mechanical property. Notably, in MMAM structures

such as P21/SS316L'* and 17-4PH/SS316L,"” both of
which employ ferrous alloys as base materials, distinct
deformation behaviors were observed under compression
loading. Post-failure analysis revealed that SS316L
specimens exhibited axisymmetric plastic deformation,
indicative of uniform plastic flow. In contrast, P21/SS316L
deformed laterally due to differences in the compressive
YS between the constituent materials. These experimental
findings were validated by an FEA study, which accurately
predicted the observed deformation patterns.'*® Further
details regarding the FEA methodology and results are
discussed in Section 5. The observed deformation behavior
can be further explained by considering the underlying
plastic deformation mechanisms. Both 17-4PH and P21
possess a body-centered cubic (BCC) structure, which
impedes dislocation motion, while SS316L has a face-
centered cubic (FCC) structure that facilitates dislocation
slip. This mismatch in crystal structure contributes to
the axisymmetric barreling plastic deformation observed
(Figure 13B and C). Furthermore, residual thermal stresses
arising from mismatched CTE between the materials may
also contribute to strain-hardening effects.'*”
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Figure 12. Flexural stress—strain response of bimetallic structures fabricated through mixed-material laser powder bed fusion. (A) C300MS/AISI304 and
C300MS/AISI1045 carbon steel;'”’ and (B) MS1/T2.'” The graphs illustrate the flexural strength at the interface of the bimetallic structures and the role of

metallurgical bonding under flexural loading.
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In the 17-4PH/SS316L MMAM structure, the radially
configured specimen exhibited a compressive YS of 654 + 12
MPa, outperforming the double-layered, single-layered, and
monolithic SS316L structures, which showed a 526 + 4 MPa,
425+7MPa,and 356 + 17 MPa, respectively. Thisimprovement
in performance is attributed to the higher linear CTE of the
outside casing (17-4PH) compared to the core (SS316L),
and to the zig-zag deposition pattern, which functioned as a
mechanical interlock, enhancing bond strength. Among all
the tested specimens, a 1:1 premixed MM exhibited the lowest
performance (Figure 13C), with a compressive YS of 303 + 17
MPa, attributed to a reduced volume fraction of solid-solution
strengthening elements, such as Ni and molybdenum by
37.5% and 40%, respectively.'*’
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Inaseparate study, the compressive behavior of 18Ni300/
CuSn10 with varying percentages of structural porosity was
evaluated.'”® As expected, increasing porosity resulted in a
systematic reduction in compressive YS, complicating the
direct assessment of interfacial mechanical integrity due to
the highly porous architecture of the specimens. Similarly,
for the TiB/Ti-6Al-4V MMAM structure, the compressive
response of a gyroid scaffold design was analyzed for
both monolithic Ti-6Al-4V and bimetallic structures. The
monolithic structure primarily exhibited a linear elastic
zone, followed by an elastic—plastic transition before
reaching ultimate strength. In contrast, the bimetallic
lattice structure initially demonstrated a non-linear region,
followed by a linear elastic response. The initial non-linear
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Figure 13. Compression testing of multi-material laser powder bed fusion steel-based bimetallic structures. (A and B) Corresponding numerical
deformation simulations of P21/SS316L and time-stamped post-failure views (top and side);'* and (C) Compressive stress-strain curves for various
17-4PH/SS316L configurations, including monolithic 17-4PH and SS316L, single- and double-layer bimetallic, 1:1 premixed composition, and radial
bimetallic design."” These results present both experimental and numerical observations, highlighting the influence of architectural design and material

distribution on compressive strength and deformation behavior.
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behavior was attributed to surface roughness, dimensional
deviation of the upper surface, and unevenness of the
bottom surface.'®’

4.5. Fatigue life

Fatigue testing remains a fundamental approach for
assessing the failure mechanisms of structural components
under cyclicloading. Its application in bimetallic structures
has gained increasing attention in recent years. Unlike
other mechanical properties such as tensile strength and
hardness, fatigue failure often occurs without prior visible
deformation, potentially leading to catastrophic structural
failures. As a result, fatigue testing is considered a critical
indicator of dynamic mechanical performance, providing
essential insights into the service life and reliability of MM
structures, especially in high-cycle applications involving
alternating stresses.

In a notable study, Tan et al'”® investigated the
fatigue behavior of MMAM structures with ferrous base
materials, specifically C300MS/AISI304 and C300MS/
AIST1045CS. Both bimetallic structures were evaluated at
30 Hz under 400 MPa stress. C300MS/AISI304 exhibited
a significantly longer fatigue life of 4.505 x 10°, compared
to 0.36 x 10° cycles for C300MS/AISI1045CS. Failure in
C300MS/AISI304 occurred on the AISI304 side, whereas
in C300MS/AISI1045CS, failure initiated at the interface.
Fractographic analysis revealed that the premature failure
of C300MS/AISI1045CS was caused by the presence of
interfacial pores, while the defect-free interface in C300MS/
AISI304 contributed to its superior fatigue resistance.

The fatigue life of bimetallic IN718/SS316L was further
examined through two configurations: crack arrester and
crack divider."” Results indicated that the crack growth rate
was influenced by the local crack tip stress intensity factor
range (AK). Depending on the transition direction (soft-
to-hard or hard-to-soft), crack propagation was affected
by differences in material properties and grain structure.
Fractographic analysis revealed that grain orientation
and morphology significantly impacted crack tortuosity
and propagation rate. Although dissimilar material
interfaces did not show a pronounced effect under high
AK conditions, crack behavior was markedly influenced by
grain structure at lower AK values. Overall, Duval-Chaneac
et al."” concluded that residual stress had minimal effect
on crack propagation due to careful specimen preparation
and the good coherence of grain structures at the interface.

4.6. Miscellaneous tests

While most studies have focused on common and widely
available mechanical properties such as hardness and
tensile strength, some have explored environmental

effects, including thermal diffusivity and wear
performance, which are critical for specific application
domains. Understanding thermal diffusivity is vital for
characterizing the heat transfer behavior of MMAM
structures during manufacturing. Thermal diffusivity data
provides information on a material’s ability to conduct
heat relative to its ability to store it. Figure 14 presents both
experimental and theoretical thermal diffusivity data for
MMAM structures with IN718 as the base material, along
with data for the constituent single-alloy materials. The
comparison illustrates how the thermal performance of the
bimetallic system differs from its monolithic counterparts.
Theoretical thermal diffusivity values of the bimetallic
structures range from 14.37 to 17.09 mm?®/s between
50°C and 300°C.In contrast, experimental values were
found to be lower, ranging from 10.30 + 07 to 12.33 + 0.07
mm?/s within the same temperature range.'* The thermal
diffusivity of the bimetallic structure lies between those of
monolithic IN718 and the Cu alloy, reflecting the expected
thermal blending behavior.

In addition to thermal behavior, wear performance was
also investigated. Wear testing was conducted on an IN718/
SS316L MMAM structure with carbon fiber functioning
as the IBL. The analysis included comparative wear data
for both IN718 and IN718/CF/SS316L. Results showed
that IN718/CF/SS316L reached a steady-state wear rate in
under 80 seconds, significantly faster than wrought IN718,
which stabilized after approximately 300 s.'**

5. Modeling and simulation for MMAM

An extensive list of in-process and post-fabrication
simulation software and codes currently exists for single-
material AM across multiple length scales, providing
insights into the state of research and development toward
MMAM. Experimental investigations are often time-
consuming and costly, making them prohibitive for some
AM research. Consequently, simulations play a critical role
in augmenting understanding, optimizing processes, and
enabling process control. Simulations commonly used in
single-material AM include thermodynamic modeling,
melt pool dynamics, powder bed behavior (PBB), and
computational fluid dynamics-volume of fluid (CFD-
VOF) models. Thermal simulation modeling is employed
to guide parameter selection, ranging from single melt
pool point penetration to single or multiple melt pool
tracks, and extending to full component modeling at
micro-, meso-, and macro-length scales. Melt pool
dynamic simulations focus on material behavior during
interaction with the laser and heat-affected zone, providing
information on melt pool morphology, cooling rates, and
microstructural characteristics. PBB simulations model
particle—particle interactions on the powder bed, powder
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Figure 14. Thermal diffusivity of IN718/CuA bimetallic structure,'®!
including measured values for monolithic IN718 and GRCop-84,
alongside experimental and theoretical thermal diffusivity values for the
bimetallic composition. The comparison illustrates the thermal diffusivity
behavior of the bimetallic structure relative to its constituent materials
across a temperature range of 50°C to 300°C.

spreading dynamics, and particle-laser interactions during
melting. These simulations, often conducted using the
discrete element method (DEM), help optimize powder
shape or size distribution to achieve ideal powder flow
characteristics, thereby improving layering and reducing
mesoscale defects. The CFD-VOF model typically includes
alaser heat source and a coaxial nozzle with a single powder
feeder aligned with the laser path. This model captures key
phenomena during LDED, such as powder and gas flow
dynamics, laser-powder interactions, attenuation effects,
and melt pool behavior.

5.1. Microstructural computational analysis (phase
transformation, melt pool formation, and alloy
mixing)

Simulating and predicting the microstructural evolution
at the interface of bimetallic structures fabricated using
MMAM is critical to optimizing their performance in
industrial applications. Microstructural simulation and
modeling serve as powerful tools to bridge the gap in
understanding the links between processing conditions
and final material properties. These tools enable the capture
of solidification behavior, phase transformations, grain
morphology, and elemental diffusion across dissimilar
materials. In bimetallic structures with significant
differences in thermal properties, computational analysis
is essential for evaluating the nature of bonding, transition
zone development, and the formation of undesired IMCs,
porosity, or other defects. Various techniques—such as
the Monte Carlo method, CALPHAD, Lattice Boltzmann,
Cline-Anthony model (for melt pool geometry), and
smoothed particle hydrodynamics (SPH)-are employed
to simulate grain growth, phase diagrams, diffusion at
interfaces, and microscale kinetics. Most solidification

modeling software or open-source codes have been
developed for single-material processes; thus, simulation
platforms specifically tailored for MMAM remain
underdeveloped, unvalidated, and unqualified. In this
section, we review existing literature on the computational
analysis of bimetallic structures and processes, with a
focus on developments toward MMAM. Specifically, the
remainder of this section discusses research conducted
on simulating melt pool dynamics, elemental intermixing,
phase diagrams, and grain growth during solidification.

Although extensive studies have been conducted on
single-material melting and solidification, Sorkin et al.'
presented the first published attempt at simulating MM
melting using the open-source molecular dynamics software
Large-scale Atomic/Modular Massively Parallel Simulator
(LAMMPS), albeit with numerous simplifications. However,
the model’s assumptions neglected several key physical
processes involved in LPBE, including surface tension forces,
multiphase flow, and molten pool formation. Moreover,
no experimental validation was provided to support the
simulation results. Beyond melt pool dynamics, powder
deposition plays a significant role in MM applications,
influencing interfacial properties based on packing,
design, and deposition strategies. Gu et al* investigated
various deposition patterns involving multiple materials
by incorporating particle size distribution data obtained
from a particle size analyzer and simulating it employing
the DEM (EDEM v2019). The studied deposition patterns
included evenly mixed, bimetallic separation, interlock
deposition, and FGM. Further discussion on the influence
of these deposition patterns on melt pool formation is
provided later in this section.

The characteristics of the melt pool, including
temperature gradients, thermodynamics, fluid dynamics,
and laser-matter interactions, have been thoroughly
studied in LPBF and LDED processes. Sun et al.?* applied
a DEM approach using ABAQUS FLUENT for multiphase
mesoscale modeling of an MM powder bed composed of
IN718/Cul0Sn (Figure 15A). This study simulated several
powder configurations within a single layer (aligned
parallel or perpendicular to the laser scan path, and pre-
mixed by wt.%). The simulations focused on melt pool
morphology and thermal behavior during single-track
laser scans. To simplify the model, the two components
were treated as mutually soluble, enabling microlevel
mixing. When comparing tracks composed of mixed
versus unmixed dissimilar powders, melt pools with a high
content of IN718 exhibited higher peak temperatures due
to their thermo-physical properties. In the unmixed case,
the melt pool size and temperature transitioned gradually
as the laser moved from one material to the other.
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More recently, Gu et al.* applied a modified DEM
approach to simulate multiple adjacent laser tracks of
SS316L/Cul0Sn (Figure 15B and C). As noted previously,
the process introduced a variety of powder deposition
patterns and compared simulation outcomes with
experimental data. In the study, the material was deposited
horizontally and vertically to investigate melt pool
morphology and temperature distribution (Figure 15C).
When observing the melt pool track in both configurations,
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the vertical deposition of the bimetallic structure exhibited
a discontinuous melt pool formation. This discontinuity is
attributed to the difference in laser absorptivity between
§S316L (0.35) and CulOSn (0.03), as well as the higher
thermal conductivity of CulOSn compared to SS316L,
which leads to highly efficient heat dissipation from the
beam center to the surrounding powder. In contrast,
during horizontal layer deposition, SS316L powder melted
first, and the heat conducted from the molten SS316L
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Figure 15. Single-track melting and solidification in selected bimetallic structures. (A) IN718/CuSn10 single-track melting profile;* (B and C) SS316L/
CuSnl0 solidification simulation illustrating thermal and powder solidification dynamics;* and (D) single-track solidification of IN625/SS316L
(top: Type-A) and SS316L/IN625 (bottom: Type-B) configurations.* The visualizations demonstrate the influence of materials order and interfacial

configuration on melt pool evolution and solidification morphology.
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powder and its convection flow contributed to the melting
of Cul0Sn. Scanning electron microscopy analysis further
revealed that phase migration was likely driven by this
convection flow, which facilitated elemental intermixing
across multiple layers.

Interestingly, Zhang et al.'”* used the Cline-Anthony
model to calculate the melt pool temperature field during
the LDED process for CuCr/07Cr15Ni5. Using this model,
they successfully predicted printability maps as a function
of deposition layer number. A narrowing of the printability
window with increasing layer number was found to
enhance thermal conductivity, specific heat capacity, and
effective density. The calculated results from the proposed
analytical model were in good agreement with experimental
data. Similarly, Li et al.*** applied a CFD-based approach to
model the fabrication process of FGM using MM-LDED.
They developed a multiphysics, MM model to simulate
thermal gradients, phase transitions, melt pool dynamics,
and final part geometry, identifying non-uniformities in
material gradation across the transition zone. Ghanavati
et al.'¥ identified that SS 316L is susceptible to composition
changes and a lack of fusion, which can lead to porosity
due to its high equilibrium vapor pressure. In contrast,
IN718 is more prone to distortion, owing to the formation
of larger melt pools. In a study involving MM-LPBF TiB,/
Ti-6Al-4V, Chen et al.' used a multilayer finite element
model (ANSYS) to predict temperature gradients and
remelting ratios. They assumed that the absorptivity
of Ti-6Al-4V is equivalent to that of Ti-alloy powder,
while TiB, behaves similarly to non-oxide ceramics with
relatively high absorptivity. The results showed that the
maximum temperature gradient occurred at the interface
and demonstrated a direct proportionality between laser
power and temperature gradient (Figure 16A), and an
inverse proportionality with laser scan speed (Figure 16B).
In addition to temperature gradient analysis,a CFD-DEM-
based approach was applied to SS316L/W and W/SS316L
interfaces to examine melt pool temperature profiles
(Figure 16C). The temperature profiles were evaluated with
respect to the melting temperatures of SS316L (1658 K)
and W (3695 K). The observed characteristic behavior is
attributed to the significantly higher thermal conductivity
of W, which facilitates efficient heat dissipation. These
simulations collectively demonstrate the capabilities of
MM thermal-fluid dynamics models in fundamentally
investigating the AM process and assessing printability.

Understanding  phase  stability = and  phase
transformations under variable temperatures, pressures,
and compositions is crucial for the development of
advanced computational capabilities. In one example,
thermodynamic calculations were employed to predict the

phases present in high-strength steel/Ti-6Al-4V bimetallic
structures. Using CALPHAD, Wei et al.'® identified
three intermetallic formations at the interface: a-Fe +
Fe Ti, Fe Ti, and TiFe + B-Ti. Their analysis indicated
that a compositional gradient build strategy would not
be sufficient to prevent the formation of Fe Ti, a brittle
IMC. In a similar approach, Kannan et al."® conducted a
CALPHAD analysis on a compositionally graded Al-Cu-
Ce-Zr/SS316L joint. They found that composition ratios
of 90%, 80%, 20%, and 10% SS316L were promising
for fabrication, as no primary intermetallic formations
were observed. Instead, a BCC,2 matrix formed on the
Fe-rich side and an FCC,1 matrix on the Al-rich side.
Scheil simulations performed on a P21/704H bimetallic
structure fabricated using MM-WAAM revealed drastic
variations in volumetric CTE and freezing range due to the
formation of an MC carbide phase from the liquid during
solidification. This phase formation led to cracking in the
intermediate region.'” Iams et al.'”® performed similar
testing on GRCop-42/IN718 using Scheil simulation
and observed the formation of a C15 Cr,Nb phase in the
GrCop-42 composition. They also reported enrichment
in Ni and Fe, which contributed to the formation of the
C14 (Cr,Ni,Fe),Nb phase and the BCC a-Cr phase. In the
case of Ti-6Al-4V/Al-Cu-Mg structures, which exhibit
significantly different thermal properties, the interface
was found to be prone to cracking due to the formation
of IMCs. Based on this understanding, Zhang et al.'”
used Scheil-Gulliver simulation and Malac-Distmas
calculations to predict the phase diagram and diffusion
path of the bimetallic structure. The binary phase diagram
and diffusion path of direct Ti-Al bonding revealed high
susceptibility to cracking and delamination at the interface
(top two panels of Figure 16D). To mitigate interfacial
cracking, a Cu interlayer was introduced. The two lower
panels in Figure 16D show the predicted IMCs. Since
Cu is a eutectoid-forming element with both Ti and Al it
contributes to constitutional supercooling and stabilizes
the bonding interface.

Beyond thermal behavior, Chen et al.’*? applied a CFD-
based approach to investigate melt pool morphology
in MM-LDED-processed IN625/SS316L (Type-A) and
SS316L/IN625 (Type-B) structures (Figure 15D). In
Type-A, an anticlockwise flow at the rear of the melt
pool contributed to a fully mixed zone by moving
remelted SS316L toward regions of higher temperature.
In contrast, the Type-B interface exhibited a clockwise
flow, causing unmixed IN625 to rise into the melt pool
and become trapped during solidification (Figure 4C and
F for experimental validation). The simulation was used
to verify and explain the experimental observations
previously discussed. Using a similar CFD-DEM-based
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Figure 16. Temperature distribution and melt pool behavior in multi-material laser powder bed fusion (MM-LPBF). (A and B) Cross-sectional temperature
profiles in Ti-6Al-4V/TiB, as a function of laser power and scan speed;'”* (C) Scan track morphology of SS316L/W and W/SS316L, illustrating directional
dependency in bimetallic printing;'* (D) corresponding melt pool temperature profiles ranging from 300 - 1658 K and 300 - 3695 K;'* (E) Comparison
of numerically simulated and experimentally measured melt pool lengths in SS316L/AlSi10Mg;'** (F) CALPHAD-based phase diagram predictions for
Ti-Al Ti-Cu, and Al-Cu binary phase systems, along with diffusion path analysis for Ti-AL** The images collectively illustrate the influence of process
parameters, material combinations, and thermodynamic modeling on thermal behavior in MM-LPBE.
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approach, Wei et al.' simulated the MMAM of SS316L/W
bimetallic structures using MM-LPBE, treating the bottom
layer material as a substrate (Figure 16E). At the SS316L/W
interface (top of Figure 16C), good wettability with the W
substrate was observed, and the cross-sectional melt pool
view (right-hand side) indicated that W did not melt and
no elemental mixing occurred. However, at the W/SS316L
interface (bottom of Figure 16E), the SS316L appeared
on top of W rather than beneath it. This was attributed to
high energy density resulting in keyhole mode melting,
as seen in the bottom right-hand side of Figure 16E. The
application of excess heat is due to significant differences
in thermal properties between SS316L and W. In a similar
approach using CFD-DEM based methods, Wimmer
et al?® conducted a numerical simulation of melt
pool dimensions in SS/Al and compared the results to
experimental data (Figure 16F), utilizing a meshless SPH
method.

5.2. Mechanical behavior computational analysis

Finite element modeling (FEM) of MMAM structures is
crucial for predicting the mechanical behavior of complex
designs, thereby supporting the optimization of material
distribution. Recent studies have applied and advanced
various modeling software tools to address the structural or
thermal qualification of designs using FEM. The presence
of dissimilar materials with contrasting mechanical and
thermal properties introduces complex residual stresses,
especially near the interface. FEM enables detailed
analysis of elastic and plastic deformation, residual stress
accumulation, interfacial stress distribution, and potential
failure mechanisms under various loading conditions. This
modeling approach provides insights into the structural
reliability of MM structures and is essential for identifying
stress concentration zones and guiding design strategies
to mitigate defects such as warping, delamination, and
cracking. While most of these studies have been validated
using multi-polymeric structures,”>** due to the relative
ease of fabrication compared to metallic structures,
only a few have shown the capability of modeling and
verifying metallic MMAM structures. McDonnell et al.'*
and Zhang et al.'” fabricated MMAM lattice structures
using SS316L/17-PH and Ti-6Al-4V/CuA/Al-Cu-Mg,
respectively. McDonell et al.'® constructed a bimetallic
lattice structure composed of BCC and octet truss
architectures using MM-LPBE with horizontal and vertical
material separations (Figure 17A). It was observed that
the deformation behavior and stress—strain response of
the bimetallic lattice—featuring a combination of ductile
and brittle metals—varied with lattice arrangement.
The parallel bimetallic lattice structure demonstrated
superior energy-absorption performance compared to

the series arrangement due to its stress-strain plateau,
reduced fracture, and consistent plastic deformation. FEM
successfully predicted this behavior. Similarly, Zhang et
al' investigated a Ti-6AL-4V/CuA/Al-Cu-Mg MMAM
gyroid lattice structure (Figure 17B) fabricated using
MM-LPBE FEM analysis of a unit cell showed that the
highest levels of equivalent stress and strain occurred at
the center of the inclined struts, indicating shear fracture.
Due to the differences in strength and stiffness between the
Al-rich and Ti-rich regions, the upper portion of the lattice
deformed prior to the lower portion.

Likewise, FEA-based compression testing on a
P21/SS316L bimetallic cylindrical structure fabricated
using MM-LDED revealed significant stress and strain
accumulation during the test (Figure 17C). Stress
concentration occurred around the circumference of
the P21 region as Ah percentage increased, while strain
primarily accumulated on the SS316L side.'*® Throughout
the test, it was observed that the softer material absorbed
a larger portion of the strain, whereas the harder material
bore the majority of the stress. This behavior is clearly
depicted in the color intensity gradients in Figure 17A-C. It
should be noted that due to limitations in software flexibility
and adaptability for AM structures—including bimetallic
systems—models typically assume smooth surfaces (i.e.,
neglecting surface roughness), the absence of defects or
porosity, and ideal, crack-free interfaces. As a result, FEA
results often exhibit notable discrepancies when compared
with experimental data. Griffis et al?® performed site-
specific MM structural FEM using local material properties
in the MM-LPBF bimetallic fusion zone, modeling the
interfacial region as an effective third material. Their FEA
method was used to inform a localized redesign of the
fusion zone geometry to interlock material regions and
improve the global pull-apart strength of the interface.

Few studies have applied MM structural modeling
from a computational topology optimization design
perspective. Giraldo-Londona et al.*** developed a multi-
objective algorithm for the joint design of MM structures,
considering both structural and thermal load cases.
For comprehensive reviews on multiobjective topology
optimization in MMAM component design, readers are
referred to Zhang et al.**® and Sanders et al.,*® who provide
detailed theoretical insights into the development of MM
topology optimization algorithms.

6. Discussion and future direction

6.1. Feedstock recyclability and build material cross-
contamination

Post-processing and recycling procedures for parts
produced via metal AM using powder feedstock present
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Figure 17. Compression behavior of bimetallic lattice structures fabricated through multi-material laser powder bed fusion (MM-LPBF) and multi-
material laser-directed energy deposition (MM-LDED). (A) Finite element modeling-based compression simulation of body-centered cubic and octet
truss 17-4PH/SS316L lattice structures fabricated through MM-LPBF;'** (B) Simulation-based compression test on a gyroid bimetallic Ti-6Al-4V/CuA/
Al-Cu-Mg lattice structure fabricated through MM-LPBE;"* (C) Compression test on a cylindrical P21/SS316L bimetallic structure fabricated using
MM-LDED."* The finite element analysis results highlight the influence of lattice structure and multi-material additive manufacturing process on

deformation behavior under compressive loading

unique challenges compared to mono-material powder
bed processing. These challenges primarily stem from the
potential for cross-contamination between the materials
used in fabrication. In monolithic processing, a single
powder material is used across the build plate. Additional
recycling steps are necessary to maintain the particle size/
shape distribution and chemical composition of the powder,
particularly if partial sintering or oxidation has occurred
from repeated use. However, no clear standard currently
exists to define recycling procedures or specify the required
purity of chemical composition after post-processing. This
lack of standardization complicates the transition to MM
powder recycling, where up to three powder materials may
be spatially mixed within a single build plate.

A few efforts have been made to separate powder
materials, but none have shown significant success.
Sieving can separate powders based on particle size
distributions,”>*7?% but it is ineffective for separating
materials with similar particle sizes. Most powders used in
LPBF typically fall within a D, size distribution of 10 - 90
um. As a result, the Gaussian distribution curves of even
dissimilar powders overlap at both the upper and lower
tails, making clean separation infeasible. Other proposed
methods include separation based on relative density
(using a particle inertia approach) or magnetic properties.
However, all three methods require specific material

properties to be effective and cannot be generalized to
most powder combinations. To the best of the authors’
knowledge, there is currently no comprehensive study
on the recycling of leftover powder from MM-LPBF or
MM-LDED processes, including the chemical composition
analysis of separated materials. This recyclability issue
is specific to MM-LPBF and MM-LDED, as there are
numerous well-established methods for recycling mono-
material powders to control parameters such as powder
size distribution,”*** chemical composition,?-2!1213:214
flowability,?*2'>*"*  and morphology.?'"*"*  Generally,
powder reuse introduces additional process uncertainties
due to powder degradation. Many studies have reported
a moderate reduction in ultimate strength after powder
reuse,”'?>¢ while others have found no significant
change in mechanical properties following recycling.?'”*!¢
The material consumption and associated costs due to
the lack of effective powder recycling methods remain
major barriers to the industrial adoption of MMAM. In
contrast, wire-fed directed energy deposition and WAAM
avoid this issue by using wire-based feedstocks, thus
circumventing powder waste altogether. However, the
geometric resolution and as-built surface finish provided
by these wire-based processes are generally insufficient
for many applications unless extensive post-processing is
applied.
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6.2. In-process monitoring

In-situ process monitoring includes multiple techniques
applicable to all MMAM processes, allowing for real-time
observation and analysis of the manufacturing process.
These methods are essential for assessing the build quality,
particularly at the MM interface. In-situ monitoring data
can also be used to calibrate and inform MM simulations
across various length scales, depending on the monitoring
technique used.

In-situ  monitoring techniques can be broadly
categorized into acoustic monitoring, optical imaging, and
thermal imaging, and are commonly paired with machine
learning algorithms for real-time defect prediction.

Acoustic monitoring utilizes sound waves detected
during fabrication as predictive tools to identify internal
defects. Acoustic signals generated during processing
can be correlated with internal irregularities, enabling
the development of AE monitoring systems capable of
classifying AE wave patterns associated with specific
processing conditions, such as conduction mode,
lack-of-fusion pores, and keyhole pore formation.*”
Compared to other in-situ methods, this approach is
relatively straightforward and particularly useful for
detecting internal defects that are otherwise difficult to
identify. Acoustic monitoring is commonly combined
with complementary optical techniques (e.g., high-speed
cameras, IR sensors, photodiodes) to improve detection
reliability. One limitation of AE monitoring as a standalone
method is the challenge of isolating AE sound waves
produced by laser-material interactions from ambient noise
generated by the machine or environment.” Machine
learning algorithms are frequently used to deconvolute
these signals, helping to identify and differentiate AE wave
patterns associated with defective conditions.??"*** This
approach has been well studied in the context of single-
material AM fabrication.2%223228

Build-plate imaging is another widely used in-situ
technique that monitors the fabrication process on a layer-
by-layer basis. High-speed cameras provide real-time
feedback on surface quality, layer deposition, and process
anomalies such as spatter.?>>

Radiographic imaging, including X-ray and computed
tomography, offers cross-sectional views of the process,
revealing internal structures, voids, and defects.”' In
MMAM, these methods can differentiate most material
pairs based on grayscale contrast related to material
density. Cross-sectional imaging of the melt pool at metal
interfaces provides fundamental insights into melt pool
formation mechanisms, supplementing post-process
techniques typically used to analyze heat-affected zones.

When combined with mesoscale DEM modeling, these
techniques can enhance the prediction of melt pool
solidification behavior.

Thermal imaging uses IR cameras to capture emitted
radiation during the AM process, allowing visualization
of temperature gradients, hotspots, and cooling rates.
This data is used to identify proper fusion between
adjacent layers and detect anomalies with distinct thermal
signatures, such as incomplete melting. Thermal maps
generated through this method can also be used to calibrate
and validate macro-scale process models and simulations,
enhancing the understanding of thermally induced
distortions and residual stresses.”®> In MMAM, metal
matrices often exhibit non-uniform heating and cooling
behavior due to differences in material solidification and
thermal properties. Thermal imaging can thus serve as an
input-control mechanism in real-time monitoring systems
to maintain uniform thermal profiles—such as heating/
cooling rates or thermal expansion/contraction rates—
across the build plate, even in the presence of bimaterial
boundaries.”*

6.3. Standardization of MM testing

Mechanical property characterization tests conducted
on monolithic materials fabricated using AM processes
typically follow standard testing procedures established
for conventionally manufactured specimens. While this
approach is suitable for monolithic materials, it is not fully
applicable to MMAM due to the unique characteristics
of the MM interface between dissimilar materials. The
interfacial bonding between two dissimilar materials
plays a significant role in determining the failure point
and overall mechanical performance of the specimen.
Similar to the influence of build orientation in AM, the
material deposition configuration significantly affects
the mechanical performance of MMAM components. To
the authors’ knowledge, most experimental studies have
not thoroughly investigated deposition configurations
to identify optimal strategies for enhancing mechanical
performance. For example, Chen et al*®* manufactured
SS316L/CuSn10 structures using LPBF with SS316L as the
base material and conducted mechanical testing, such as
microhardness, tensile, and flexural strength tests. Their
tensile testing results indicated that horizontally combined
specimens exhibited greater elongation than vertically
combined ones, although the UTS was similar in both
configurations. Similarly, Dash and Bandyopadhyay'*
fabricated vertically and radially combined SS316L/17-
4PH specimens using MM-LDED and observed that
radially combined specimens exhibited higher compressive
strength than both vertically combined specimens and
wrought SS316L. In both cases, mechanical performance
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was optimized by strategically selecting the material
combination configuration. The absence of standardized
guidelines regarding material deposition configuration
in MMAM highlights a pressing need to establish testing
protocols that account for interfacial bonding strength.

To further assess interfacial strength, testing standards
must be adapted to evaluate the mechanical performance
of MM specimens in multiple dimensions. A notable gap
exists in the literature concerning MMAM structures with
complex radial interfaces in the horizontal plane while
maintaining vertical consistency.

With the site-specific material deposition enabled
by AM, traditional strain measurement techniques
may be insufficient. In cases where dissimilar materials
are deposited in non-conventional orientations (e.g.,
horizontally or vertically), data from extensometers,
crosshead displacement, or strain gauges may not
accurately capture local strain behavior within the
specimen. In this context, digital image correlation (DIC)
emerges as a valuable tool for strain measurement. DIC
enables the acquisition of full-field local strain data across
the specimen surface, allowing researchers to detect
strain localization, necking, and crack initiation. Beyond
these advantages, DIC also provides critical information
about interface performance and enables the generation
of contour maps across the entire specimen, supporting
detailed visualization and quantification of strain behavior.

6.4. Thermo-mechanical modelling (part-scale)

Even though a substantial number of simulations have been
conducted on MMAM, the field remains less extensive
and well-developed compared to single-material AM. This
research gap stems from the developmental and fundamental
complexities of MMAM. MMAM introduces additional
challenges in parameter selection to achieve ideal melting,
mixing, and solidification conditions. In single-material
AM, selecting parameters often involves optimizing laser
power and scan speed for a given material; however, this
approach cannot be applied to MMAM, as it would entail
extensive experimental costs and time. To address this, a
process simulation framework must be developed to identify
reasonable process parameters, mitigate significant defects,
and achieve desired cooling rates and microstructures.
Such a framework would lower the experimental burden
required for case-by-case validation of simulation results.
The advancements in high-fidelity PBF simulations and the
capability of CFD to deliver detailed, high-resolution results
need to be extended to MMAM. The importance of particle-
based simulations is attributed to the core understanding
of the physical phenomena, such as evaporation, recoil
pressure, and surface tension, factors that are currently

underrepresented in numerical modeling for MMAM. These
phenomena are especially critical at material interfaces,
where differing thermal properties of dissimilar materials
have a major influence. Beyond advancing particle-based
simulation approaches, the simulation of multi-track and
multi-layer builds is inevitable for linking microscale
behavior to part-scale mechanical performance. Modeling
of single- and multi-track and multi-layer in single-material
AM has been crucial for understanding defect formation
and predicting mechanical properties. This approach needs
to be expanded to encompass MMAM. Recent work by
Kiing et al>* has begun to address this, employing a two-
dimensional PBF model using the Lattice-Boltzmann-based
simulation (a class of CFD simulation), as well as the DEM-
SPH method.*® To further accelerate the understanding of
the multi-track and multi-layer phenomena, the community
is encouraged to investigate the integration of DEM-
SPH/optimal transportation meshfree—a particle-based
method formulated for simulating solid and fluid flows—to
address part-scale size challenges. In single-material AM,
SPH has experienced extensive developments due to its
algorithmic maturity and established track record, which
could serve as a foundation for MMAM. Insights from
multi-track and multi-layer approaches can also inform
FEA simulations, helping to advance the understanding of
MMAM’s mechanical behavior. However, as discussed in
Section 5, existing FEA simulations for MMAM often rely
on assumptions that compromise accuracy when compared
to experimental data. These assumptions stated throughout
the studies will not provide accurate results when compared
to the experimental data. Assumptions and simplifications
such as a smooth, roughness-free surface, a defect-free or
crack-free interface, and a well-bonded interface will yield
inaccurate results in MMAM, due to their influence on
mechanical behavior. One way to address these limitations
is to integrate X-ray micro-computed tomography imaging
data as inputs into modeling workflows, enabling more
accurate mechanical behavior predictions. In 2024,
Auenhammer et al.** proposed an approach to overcome
the image-based numerical modeling for carbon fiber
using an open-source Python script.”** While the method
has some drawbacks, it offers a promising future direction
for extending image-based numerical modeling to both
single- and MMAM.

6.5. Future direction

MM-AM has emerged as a transformative approach in
engineering, enabling the integration of distinct metals
within a single component to harness their complementary
properties. However, when it comes to discrete metal
transitions, such as joining high-conductivity Cu to
high-strength steel or combining corrosion-resistant
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Ni alloys with lightweight Al, the process introduces
significant challenges. These challenges stem from the
intrinsic differences in thermophysical properties that
were discussed in detail in this article, such as melting
points, thermal conductivity, and CTE, often leading to
residual stresses, cracking, and brittle intermetallic phase
formation. Addressing these issues represents a critical
frontier in MMAM research and development.

A promising future direction lies in the deliberate
design and fabrication of compositionally graded
interlayers and engineered interface architectures that
facilitate smooth transitions between dissimilar metals.
Instead of abrupt material changes—which may offer
advantages in certain applications but often introduce sites
of mechanical weakness or metallurgical incompatibility—
graded transitions and/or IBLs allow for gradual variations
in composition and microstructure. These interlayers can
mitigate thermal mismatch, reduce stress concentrations,
and suppress the formation of brittle intermetallics,
thereby enabling strong, defect-free metallurgical bonding.
To advance this strategy, several enabling technologies and
research methodologies must be leveraged. Computational
alloy design tools informed by CALPHAD databases and
density functional theory can predict phase stability and
guide the development of transition compositions that
optimize bonding without compromising functionality.
Coupled with this, data-driven approaches such as machine
learning can be employed to refine the process parameters
in real time, using data from prior builds to predict optimal
conditions for layer deposition and fusion quality.

Another key enabler that was discussed in this
section is in situ monitoring during the printing process.
Techniques such as optical pyrometry, thermal imaging,
and AE sensing can provide real-time feedback on the
thermal environment and melt pool dynamics, allowing
immediate adjustment of laser power, scan speed, or
feedstock composition. These monitoring strategies can
provide valuable data for post-build quality assurance
and digital twin development. Furthermore, multiscale
modeling and simulation play a vital role in predicting the
evolution of thermal gradients, phase transformations,
and stress fields across the transition zone. By simulating
the build process from the microstructural to the
component scale, researchers can anticipate failure
modes and iterate on interface designs before fabrication.
The successful implementation of discrete metal
transitions through MMAM unlocks a wide range of
application opportunities. For example, heat exchangers
can be designed with Cu-rich regions for high thermal
conductivity seamlessly bonded to SS for structural
support and corrosion resistance.

In aerospace and nuclear industries, components could
be fabricated with spatially varying properties to withstand
both mechanical loads and radiation damage. Biomedical
implants could combine biocompatible surfaces with
load-bearing cores, all within a single manufacturing
process. In conclusion, the future of MMAM with discrete
metal transitions hinges on the convergence of material
science, advanced modeling, real-time sensing, and
data-driven control. By developing intelligent interlayer
designs and integrating process monitoring with adaptive
manufacturing strategies, the field is positioned to
overcome longstanding metallurgical barriers and enable
a new generation of multifunctional, high-performance
components.

Abbreviations
3D Three-dimensional
AE Acoustic emission
AM Additive manufacturing
BCC Body-centered cubic
CALPHAD Calculation of phase diagram
CAD Computer-aided design
CFD Computational fluid dynamics
CFD-DEM Computational fluid dynamics - discrete element
method
CFD-VOF Computational fluid dynamics — volume of fluid
CTE Coefficient of thermal expansion
DEM Discrete element method
DEM-SPH Discrete element method - smoothed particle
hydrodynamics
DIC Digital image correlation
EB-PBF Electron beam powder bed fusion
EBSD Electron backscatter diffraction
EDS Energy dispersive spectroscopy
om Compression
FCC Face-centered cubic
FEA Finite element analysis
F., Fatigue
Fion Shear
e Thermal diffusivity
ear Wear performance
FGM Functionally graded material
FGM-LDED  Functionally graded material laser-direct energy
deposition
FSW Friction stir welding
HV Hardness Vickers
IBL Intermediate bonding layer
IMC Intermetallic compound
IR Infrared
LDED Laser-direct energy deposition
LPBF Laser powder bed fusion
LAMMPS Large-scale atomic/molecular massively parallel
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MM Multi-material

MMAM Multi-material additive manufacturing
MM-LDED Multi-material laser direct energy deposition
MM-LPBF Multi-material laser powder bed fusion
MM-WAAM  Multi-material wire-arc additive manufacturing

NASA National Aeronautics and Space Administration
PBB Powder bed behavior

P-S-P Process-structure-property

QR Quick response

SPH Smoothed particle hydrodynamics
UFS Ultimate flexural strength

UTS Ultimate tensile strength

WAAM Wire-arc additive manufacturing
XRD X-ray diffraction

YS Yield strength
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Appendix

Table A1l. Summary of review articles on multi-material additive manufacturing in the past decade

Title Primary focus Year References
Multiple material additive manufacturing — part 1: A Review of the MMAM process and principal key processes 2013 28
review progress, technological challenges, and future trends as of 2013
Additive manufacturing of multimaterial structures 3D-printed polymer-based, metal/metal, and metal/ceramic 2018 102
MMAM applications
Potentials and challenges of multi-material processing by ~ Provides a collection of challenges to overcome in MM-LPBF 2018 237
laser-based powder bed fusion
Multi-material additive manufacturing technologies for Provides a brief review on tissue engineering, design requirements, 2020 30
Ti-, Mg-, and Fe-based biomaterial for bone substitution and metallic biomaterials fabrication technologies
Laser direct energy deposition-based additive Presents the current state-of-the-art and issues associated with 2021 238
manufacturing of metallic multi-material: A review laser-based direct energy deposition in metallic MMAM
Critical review of the state of the art in multi-material Provides a critical review on developing trends, design methodologies, 2021 92
fabrication via direct energy deposition common issues and challenges, and future trends in MM-DED
Review on additive manufacturing of multi-material parts: ~Provides information on the latest progress and challenges in 2021 88
Progress and challenges MMAM technologies
Review on additive hybrid and multi-material manufacturing  Provides information on the state of technology for hybrid 2021 59
of metals by powder bed fusion: state of technology and and MM manufacturing of metals using AM, particularly PBF
develop- ment potential processes
Emerging metallic systems for additive manufacturing: Covers the state-of-the-art approach within the perspective of 2021 239
In-situ alloying and multi-material processing in laser LPBE and namely, the in situ alloying and multi-material process
powder bed fusion strategy
Recent progress and scientific challenges in multi-material ~Reviews the latest progress in MM powder deposition mechanism, 2021 40
additive manufacturing via laser-based powder bed fusion  molten pool behavior, process characteristics of printing metal/metal,
metal/polymer, and metal/ceramic, and their potential applications
Multi-material powder bed fusion technique Overview of the current state of the MM-PBF techniques 2022 240
Recent progress on additive manufacturing of Provides a comprehensive review on achievement in MM structures 2022 39
multi-material structures with laser powder bed fusion through LPBE, focusing on interface characteristics, strengthening
methods, critical technical issues, and potential problems
Powder bed fusion of multi-materials Provides an overview of the current development for MM-PBF 2023 241
applications
A process parameter review on selective laser Provides information on the influence of LPBF process parameters 2023 242
melting-based additive manufacturing of single and on the quality of parts fabricated from varied materials and MM
multi-material: microstructure, physical properties, structures
tribological, and surface roughness
Multi-material additive manufacturing: A systematic Presents a comprehensive summary of MMAM systems, 2023 34
review of design, properties, applications, challenges, and fundamental processes, MM combinations, design, modeling, and
3D printing of materials and cellular metamaterials. analysis strategies, focusing on applications and opportunities for
using MMAM in various industries
A review on additive manufacturing of SS-Ni Summarizes methods used for SS-Ni MMAM, combination 2023 38
multi-material fabrication strategies, fabrication quality, microstructural variation, property
enhancement, challenges, and applications
A review on multiplicity in multi-material additive Covers material combinations in polymer, composites, metals/ 2023 89
manufacturing: Process, capability, scale, and structure ceramics, metal alloys, and biomaterials, exploring MMAM capabilities
in bi-metallic structures, and functionally or compositionally graded
materials, providing insights into various scales and structural aspects
A review on experimentally observed mechanical Focuses on the material interface characteristics and property 2023 41
and microstructural characteristics of interfaces in performance in MM-LPBE, including common challenges in
multi-material laser powder bed fusion MMAM
Additive manufacturing of metal and alloys to achieve Reviews the four types of heterogeneous microstructures induced 2024 243

heterogeneous microstructures for exceptional mechanical
properties

by AM, and discusses the advantages and potential applications of
metals and alloys with heterogeneous microstructures made by AM

Abbreviations: 3D: Three-dimensional; AM: Additive manufacturing; DED: Direct energy deposition; Fe: Iron; LPBF: Laser powder bed fusion;
Mg: Magnesium; MM: Multi-material; Ni: Nickel; PBF: Powder bed fusion; SS: Stainless steel; Ti: Titanium.
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materials through porous structure design
optimization

Yu-Yao Chan‘?, Yi Chao'”, and Che-Nan Kuo*

Department of Materials and Optoelectronic Science, National Sun Yat-sen University, Kaohsiung,
Taiwan, Republic of China

Abstract

The structural materials, which exhibit high toughness and high strain energy
absorption, can be used in impact-resistant applications such as bulletproof vests,
automobiles, and aerospace. Numerous studies indicate that functional gradient
materials, which contain non-uniform density, exhibit excellent performance in
energy absorption. During the compression test, the struts of the gradient porosity
materials collapsed layer by layer, and this phenomenon optimizes the energy
absorption capability of the materials. Furthermore, the collapse region or direction
can be predicted and controlled by the design of the gradient porosity materials. In
addition to the above concepts, this research also improves its energy absorption
capacity through the following two strategies: (1) Chamfering the node of the porous
structure to avoid the stress concentration, and (2) optimizing the angle between the
struts of the porous material to enhance the ductility of the material. To fabricate the
complicated gradient porosity structure, the structural materials were printed using
the selective laser melting process with Ti-6Al-4V ELI alloys. Through the experiments
conducted in this study, the structural strength was enhanced by up to 28% through
structure design, and the energy absorption was improved by 19% compared to
the gyroid structure, which has been reported to exhibit good energy absorption
capabilities.

Keywords: Energy absorption; Ti-6Al-4V; Chamfering design; Selective laser melting;
Lattice structure design

1. Introduction

Ti-6Al-4V is a high-strength, low-density o+f phase titanium alloy exhibiting superior
strength, corrosion resistance, and excellent biocompatibility."> Compared to other
common metallic alloys (Table 1), Ti-6Al-4V results in higher specific strength,**
widely utilized as a lightweight alloy. In addition to reducing weight by altering
material properties, lightweight can also be achieved through structural design.
Porous structures are commonly used in lightweight structural designs; it can not only
maintain the strength of materials but also save materials, energy consumption, and
manufacturing time effectively.”” Besides, porous structures with high specific strength,
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Table 1. Mechanical properties comparison of common metallic alloys

Material Density (g/cm®) Compressive strength (MPa) Specific strength (MPa-cm?®/g) Strain (%) Hardness (MPa) Young’s modulus (GPa)

Steel 4340 7.85 470
Ti6Al4V 4.43 1080
AlSc 2.67 474
CuNi 8.90 550

22 228 205
243.8 18 349 113
107.5 20 115 72

23 160 162

excellent energy absorption ability, and outstanding
vibration-damping characteristics have demonstrated
significant application in modern engineering, such as
the automobile, aerospace, and defense industries.® For
example, in the automobile industry, porous structures
are utilized in the manufacture of crash energy absorption
components, enhancing passenger safety and comfort;>"
in the aerospace sector, porous structures are applied
in aircraft structural components to reduce weight and
improve fuel efficiency;'""? in defense applications, porous
structures are commonly used in energy-absorbing
armor and lightweight vehicle shells, increasing their
ability to absorb impact energy.”” With design flexibility
and multifunctionality, porous structures have become
indispensable elements in materials engineering and
structural design, continually driving the development of
high-performance materials.

Porous structures can be classified into three categories:
Foam (open-cell and closed-cell), honeycomb, and lattice
structures. Lattice structures are composed of an array
of spatial units, with each units shape and size being
either uniform or non-uniform. Compared to foam and
honeycomb structures, lattice structures exhibit better
mechanical performance and have the potential to enhance
compressive strength.!*

Conventional manufacturing methods, such as metallic
foam production, have been widely used to fabricate
porous metal structures. However, these methods typically
result in random, non-uniform pore architectures, making
it difficult to precisely control key parameters such as strut
orientation, porosity distribution, and overall geometry.
Furthermore, substantial material consumption through
processes such as forging, casting, and rolling are limited
in producing complex shapes and are associated with high
production costs and lengthy process times. To address this
situation, additive manufacturing can be utilized. Additive
manufacturing, also known as 3D printing, allows for the
rapid production of complex geometric shapes by printing
the product layer by layer."”*® The product’s shape is based
on computer-aided design (CAD) models generated
by computer software. Powder bed fusion is one of the
additive manufacturing technologies commonly used for
metal components and can be categorized into electron

beam melting (EBM) and selective laser melting (SLM).
EBM employs an electron beam as the heat source, whereas
SLM utilizes a laser. In this process, the metal powder
on the molten powder bed is scanned according to the
modeling, and the metal parts are formed by superposition
layer by layer.'"® SLM features finer powder particles and a
smaller melt pool, enabling the fabrication of parts with
high geometric complexity and fine structural features.
Moreover, the melt pool exhibits a higher cooling rate and
promotes samples with higher mechanical strength.'**
The quality of additive manufacturing samples and the
microstructure of materials will be affected by various
processing parameters, such as scanning speed, laser
power, hatch distances, and layer thickness.

As materials for energy absorption structures, they need
to exhibit characteristics such as high strength and high
ductility.”* The mechanical properties and energy absorption
effectiveness of materials can be calculated by compression
testing and energy absorption formulas (specific energy
absorption [SEA]). Material toughness is defined as the
energy absorbed per unit volume before fracture. Toughness
is related to the area under the stress—strain curve, with
a larger area indicating better toughness, meaning the
material must be both strong and ductile.? Compression
testing provides the strength and strain of the material, and
further calculation using Equation I determines how much
energy the material can absorb before fracture.

‘[ “o de
Specific energy absorption (J/g) ==— @

where p represents the material density; o represents
the stress experienced by the material at strain €; and € p
represents the densification strain of the material. The
unit of SEA is Joule/gram (J/g). From Equation I, it can be
deduced that if the density of the material is smaller, under
the same strength and ductility, the energy absorption
capacity per unit weight will be higher. In other words,
materials with high specific strength alloys and low-
density porous structures will contribute to enhancing the
capability of energy absorption during deformation.

On the other hand, data obtained from compression
experiments on gradient materials show that due to the
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layered pore distribution in gradient materials, the material
collapses layer by layer during the collapse process instead
of immediately fracturing along the direction of maximum
shear force at approximately 45° from top to bottom. In
addition, during the collapse process, densification stacking
occurs, resulting in a higher area under the stress-strain
curve for gradient materials compared to uniform density;
this characteristic provides better energy absorption for
gradient materials.”*

In additive manufacturing, products made by SLM
typically exhibit a very rough surface, often with many
incompletely melted powders adhering to the surface. From
a microscopic perspective, when subjected to an external
force, stress concentrates at the tip of cracks. Cracks with
smaller curvature radius and deeper notches experience
a rapid increase in strength, causing them to withstand
greater strength than other locations. Consequently, they
are more likely to exceed the yield strength and plastic
deformation that happened earlier. This phenomenon
initiates the propagation of cracks from pre-existing flaws,
resulting in material fracture, accompanied by a decrease
in both strength and ductility.*® Stress concentration can be
expressed as follows (Equation II):

o, = cr><(1+2\/g) (11
Io}

where 6 is the stress at the notch, ¢ is the applied
stress, p is the curvature radius of the notch, and d is the
distance from the notch tip to the surface.

Another study adopts the lattice structures with
smooth surfaces based on the mathematical approach of
triply periodic minimal surface (TPMS). TPMS is a class
of minimal surfaces that exhibit periodicity in three-
dimensional space and possess zero mean curvature at
every point on the surface. Common types of TPMS
structures include the gyroid, diamond, and Schwarz-
Primitive surfaces, which can be mathematically defined
through equations or parametric modeling.”” With the
advancement of additive manufacturing technologies,
the complex geometries of TPMS structures can now be
fabricated using 3D printing. TPMS structures demonstrate
excellent mechanical properties and fluid permeability.?**
Optimizing the nodes of the struts causes changes in
strength distribution, which significantly impacts the
deformation behavior of the structure. This optimization
can result in the structure standing more strength
distribution, thereby increasing its strength.*® The volume
fraction is a crucial parameter controlling the mechanical
properties of porous materials, and it can be determined
by the strut diameter, optimized radius, and lattice size.
When the unit size is set as a constant, increasing the

strut diameter can rapidly increase the volume fraction,
and the porosity of the structure will decrease to achieve
the desired mechanical properties. The influence of the
optimized radius on the volume fraction is presented in
the stiffness and strength of the material structure, both of
which are significantly enhanced.?

When a material is subjected to perpendicular strength,
it may undergo deformation, which can be classified into
two types: “bending” and “buckling” Bending occurs due
to the strain behavior induced in the material by strength
applied perpendicular to its principal axis, whereas
buckling refers to a sudden change in the shape of the
material when axial strength reaches a critical level.**
This study focuses on the relationship between material
strength and Young’s modulus by exploring the effects of
buckling and bending deformations of struts. Zhao et al.**
conducted with Cubic, G7, and Rhombic dodecahedron.
The results indicate that the Cubic structure mostly
fractures due to compressive strength, mainly compressed
by perpendicular buckling struts. On the other hand, for
the G7 and Rhombic dodecahedron structures, strength
is mainly compressed by bending struts under tension
and compression. Through the design of strut shapes,
increasing the number of buckling struts can increase the
ultimate fatigue strength of the material. Conversely, an
increase in bending struts prompts the material to develop
fatigue cracks. The growth of fatigue cracks within the
struts significantly affects the material, accelerating its
fracture.

The gyroid structure is based on a TPMS. Due to its
smooth surface, the gyroid structure exhibits high ductility
and has been the subject of numerous studies indicating its
high energy absorption capabilities.”** According to the
above conception, the structure with rounded corners can
reduce the stress concentration at the node, and the vertical
strut, which is parallel to the compression direction, can be
separated by bending and buckling vector, enhancing the
buckling vector could enhance the strength and ductility
of the structure. Both of them can enhance the capability
of energy absorption. However, the gyroid structure is
already smooth enough and without any vertical struts,
which means that it is difficult to improve the performance
of the gyroid structure through the design optimization
described above.”” Hence, in this study, we would like
to explore the performance improvement capability of
tetrahedron structure® and compare it with the control
group of gyroid structures, whose mechanical properties
are reportedly better than that of tetrahedron structure.
Moreover, only the relationship between structures
with rounded corners and varying structural angles was
explored in previous studies. Thus, this study only revealed
the different angles between the struts, and research on the
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Figure 1. The CAD model of porous materials with different angles between the struts was designed by SolidWorks. The tetrahedral unit cell of different

angles between the struts (A) 99.5°, (B) 109.5°, and (C) 119.5°.
Abbreviation: CAD: Computer-aided design.

rounded corner will be conducted in future studies. The
current study also attempted to discuss the compression
behavior and mechanical properties with different angles
between the struts. The effects of rounded corners and
varying strut angles in structures fabricated by SLM
warrant further investigation. This study introduced
and optimized the tetrahedral structure through three
key strategies, including: (1) Optimization of the angles
between the struts of the porous materials, (2) node
chamfering of the porous materials, and (3) introduction
of porosity gradient into the porous materials. During
the mechanical test, the compression direction was fixed
through the z-axis by the specimen. Then, how the angle
between the struts and structure with rounded corners
affects the capability of energy absorption was discussed.
Meanwhile, the characteristics and mechanical properties
of the gradient porosity materials with these two variables
(rounded corners and different angles between the struts)
are cautiously investigated and discussed.

2. Materials and methods

The experiment was conducted with Ti-6Al-4V powder
manufactured by a domestic metal powder manufacturer
(Chung Yo Materials, Taiwan), using the vacuum
induction gas atomization (VIGA) method. The powder
size distribution was D10 of 27 m, D50 of 38 m, and D50
of 49 m.

In this study, specimens were designed by SolidWorks
with different angles of the unit cell, and the porosity of
the material was varied by changing the diameters of the
struts. For the tetrahedral structure in the diamond lattice,
we constructed the CAD model along the z-axis, aligning
the vertical struts parallel to the compressive loading
direction. Then, the structure angle between the struts
from its standard 109.5° was adjusted through increasing/
decreasing by 10°. This modification allows us to discuss
the different mechanical behavior under different angles
between the struts. Initially, SolidWorks was used to draw
tetrahedral unit cells with angles of 99.5°, 109.5°, and

I
(Effect the porosity)

Figure 2. Demonstration of tetrahedral CAD unit cell (A) without and
(B) with rounded corners
Abbreviation: CAD: Computer-aided design.

119.5° (Figure 1) and the unit cell with rounded corners or
not (Figure 2). Then, the gradient structure was designed
by Magics software; after designing the CAD model, the
unit cells were imported into Magics and filled to create a
cylinder with a diameter of 18 mm and a height of 36 mm.
To prevent damage from the compression platen during
compression, 1 mm thick disks were designed at the top
and bottom to protect the specimens. Then, it was sliced
layer by layer and exported as files that can be read by 3D
printing machines.

When designing the gradient material, adjusting the
thickness of the struts of each unit cell allows for adjustment
of its volume fraction. Through the calculation of porosity,
different gradient structures with varying porosities can be
designed. In this study, specimens were divided into five
gradients: 55%, 60%, 65%, 70%, and 75%. To maintain a
width-to-height ratio of 1:2 and an average porosity of 65%
for the middle layer and to be compared with the original
single porosity of 65%, each porosity was designed to have
a height ratio of 1:1:1.5:1:1 (Figure 3). Each specimen
was printed in five copies to ensure the accuracy and
reproducibility of the experimental data (Figure 4).

In this study, the naming of the specimens accords with
the following rules. “O” signifies original design, indicating
structures without rounded corners. “R” stands for
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rounded, representing structures with rounded corners.
The numerical values, such as 99.5/109.5/119.5 denote
different structural angles. In addition, “65” indicates
uniform porosity at 65%, and “G” is used for gradient
porosity, 55% — 60% — 65% - 70% - 75%.

The specimens used in this experiment were all printed
using the SolidMEN AM300 printer from the Industrial
Technology Research Institute. To minimize powder waste
and save time, a resource-based view restriction module
was added to the machine, limiting the size of the build
platform to 120 mm X 120 mm. This equipment utilizes
SLM technology, and the scanning parameters are set
according to Table 2. The chamfer was filled with argon gas

6.54 mm 75%

6.54 mm 70%

9.81 mm 65%

36 mm

I

6.54 mm 60%

6.54 mm 55%

18 mm

Figure 3. CAD model of cylinder specimen R_109.5_G (55% - 60%
- 65% - 70% — 75%). Each porosity was designed in a height ratio of
1:1:1.5:1:1 to maintain an average porosity of 65%.

Abbreviation: CAD: Computed-aided design.

SRR 2 -

Figure 4. Five specimens in each group of samples. To ensure the accuracy
and reproducibility of the test, the sample was printed by selective laser
melting, with only the top and bottom surfaces subject to grinding. The
image shows the representative sample O_109.5_65.

Table 2. Selective laser melting printing parameters of this
study

Laser power Hatch distance

100 W 1087.5 mm/s

Scan speed Layer thickness

0.03 mm

0.081 mm

to provide environmental protection, preventing reactions
between the samples and oxygen during fabrication.

To ensure that the porosity of the printed sample is
the same as the designed CAD model, the density and the
weight of the printed sample need to be calculated. Using
Equation III, the porosity can be calculated:

p=(1 —g) %100% (110

0

where p is the material porosity, V is the material real
volume, and V/ is the volume of a cylinder. The primary
objective of compression testing is to determine the
material’s behavior and mechanical properties under
compression by measuring fundamental variables such
as strength and deformation. The compression test would
be conducted with an Instron 5582 Universal testing
machine (Instron, United States) at an initial strain
rate of 1x10™ (s™'). To ensure the strain accurately from
the specimen, a linear variable differential transformer
was externally attached at room temperature. During
compression testing, the test specimen was placed between
two platens, and compression was applied using a crosshead
to control displacement. Typically, the specimen would be
shortening along the compression force direction while
expanding outward in the perpendicular direction. Stress—
strain curves were plotted using Origin software to analyze
Young’s modulus, yield strength, compression strength,
and SEA, facilitating an assessment of the material’s energy
absorption capability.

To observe whether the printed specimens match
the designed strut angles and to calculate the radius of
curvature of the rounded corner specimens, the specimens
were cut into longitudinal sections using a grinding
machine operating at 2500 rpm with a feed rate of 2.5 mm/
min. For further validation, image analysis software such
as Image] was utilized to calculate the radius of curvature
of the notches based on images captured using both optical
and electron microscopes. Each experimental sample
was sectioned, and 3 - 5 images were captured using
optical microscopy for analysis with Image]. The optical
microscope used in the experiment was Leica DM750
(Leica Microsystems, Germany), whereas the electron
microscope was a tabletop model Phenom Pro XG6
(Thermo Fisher Scientific, United States).

3. Results and discussion

3.1. Measurement of specimen and microstructure
analysis

After designing the specimens, the weight of the printed
specimens can be measured, and the thickness of the small
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Table 3. Design porosity and measurement porosity of the specimen in this study

Specimen Design porosity (%) Measurement porosity (%) Deviation (%)
0_99.5_65 65.00 66.28+0.18 1.96
0_109.5_65 65.00 65.62+0.09 0.95
O_119.5_65 65.00 65.63+0.23 0.97
R_99.5_65 65.00 66.19+0.05 1.02
R_109.5_65 65.00 65.05+0.27 0.08
R_119.5_65 65.00 65.46+0.16 0.71

Note: All the porosity data were measured and calculated using Equation III.

discs can be measured by caliper. Then, the weights of
the upper and lower small discs were subtracted, and the
density was calculated to determine the actual porosity of
the specimens. A comparison between the experimental
porosity and the computer-designed porosity is shown in
Table 3. According to Table 3, it can be observed that the
experimental porosity is within 2% of the design porosity,
indicating a close match.

Image analysis software such as Image] was used to
observe whether the angle of the printed structure is
consistent with the design. The demonstration of the
measurement method is shown in Figure 5. Under the
optical microscope, a large amount of unmelted powder
adhered to the structure can be observed, causing
roughness on the surface of the struts.

3.2. Impact of chamfer design on mechanical
properties

According to  the  experimental results in
Table 4 and Figure 6, it can be observed that structures
with rounded corners have higher yield strength and
compressive strength compared to structures without
rounded corners.* Specifically, the yield strength was
increased by approximately 8% and the compressive
strength by about 6%. However, the improvement was only
marginal compared to the effect of manipulating the angle
between the struts, indicating that the influence of node
with chamfer or not on mechanical properties was less
significant.

Analyzing the specimens under a microscope and
using Image], we can measure the depth (d) and curvature
radius (p) of the strut notches. By applying the stress
concentration formula, we can calculate the maximum
strength of the notch. The depth and curvature radius of
the notch with and without rounded corners are depicted
in Figure 7.

The results based on Equation II are summarized
in Table 5. For structures without rounded corners, the
strength stand by the notch (o ) under a force of F was
significantly higher compared to structures with rounded

model and (B) analysis by Image]
Abbreviation: CAD: Computer-aided design.

300
R —0_99.5_65
R_99.5_65
250 ! —0_109.5_65
L R_109.5 65
=3 200 —0_119.5_65
[-» R_119.5_65
s
2 150
£
2 100
50
0 1 1 [ 1 ]
0 1 2 3 4 5 6 7 8 9

Strain (%)

Figure 6. Compressive stress—strain curves of uniform porosity
materials with different angles between the struts and with the rounded
corner or not

corners, with values exceedingly twice as much. Moreover,
as the stress concentration factor (k) increases, the strength
has to stand for more strength by the notch. Therefore, it
can be inferred that structures without rounded corners
experience higher strength at the notch, leading to an
earlier occurrence of the first load drop and premature
crack initiation from the notch. Consequently, the crack
propagation path became shorter, resulting in early fracture
and a decrease in both ductility and strength.
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Table 4. Mechanical properties of uniform-porosity structure fabricated by selective laser melting in this study

Specimen Yield strength (MPa) Compressive strength (MPa) Strain at first load drop (%) Strain at failure (%) SEA (J/g)
Ti64_solid* 1213102 1419490 20.5 20.5 62.50
Ti64_solid 1309.67+28.11 1658.38+6.23 20.10+2.25 20.10+2.25 66.16+0.59
0_99.5_65 143.32+£0.98 177.88+2.25 4.40+0.14 4.86x0.45 5.01£0.22
0_109.5_65 163.07£1.52 196.01£1.20 4.52+0.08 5.36+0.13 5.45+0.36
0_119.5_65 172.10£0.46 224.67+0.68 5.05%0.21 5.91+0.28 6.10£0.29
R_99.5_65 147.07£1.20 183.56+2.15 4.58+0.04 5.32+0.32 5.49+0.32
R_109.5_65 170.80+0.63 206.71£1.16 4.65+0.13 5.54+0.31 6.04£0.15
R_119.5_65 185.10+2.03 237.30+0.21 5.15+0.19 6.35+£0.21 6.61+£0.26

Note: *Mechanical properties of Ti64_solid are derived from another study,* for the purpose compared with the Ti64_solid printed in our laboratory.

Abbreviation: SEA: Specific energy absorption.

Table 5. Maximum strength on the node in single-porosity
material

Specimen d (mm) p (mm) k o(MPa) o (MPa)
0_99.5_65 0.71£0.01 0.16£0.01 5.21 F 5.21F
0_109.5_65 0.70+0.04 0.17+£0.01 5.06 F 5.06F
0O_119.5_65 0.68+£0.06 0.16+0.03 5.12 F 5.12F
R_99.5.65 0.65+0.03 1.21+0.08 2.47 F 247F
R_109.5_65 0.66+0.05 1.25+0.04 2.45 F 2.45F
R_119.5_65 0.62+0.06 1.24+00.09 2.41 F 2.41F

However, through the compression test, we can
observe the value of the difference between strain at
failure and strain at first load drop, which in the rounded
corner group is larger than the original group, as shown
in Figure 8. This means that the structure with rounded
corners could reduce the stress concentration at the node
and enhance the ductility of the structure. Consequently,
this causes the cracks in the rounded corner group to
take longer deformation to lead the entire structure to
fracture.

Besides, in reality, the specimen is a porous material,
and cross-sectionally, it is not a complete circle. Upon
observing the fracture of the specimen from Figure 9, it
is found that the fracture surface runs along the top strut
of the tetrahedral structure. Therefore, the cross-sectional
area of the force applied to the specimen is corrected to
0.18 times the initial cross-sectional area, as demonstrated
in Figure 10. Hence, the following analysis is based on the
original force F, divided by 0.18A to obtain the corrected
yield stress 0%, representing the yield strength of a specific
solid strut in the specimen. Equation IV is used to represent
the maximum strength borne by a single solid structure:

0, =0*x(l + 2\/5) Iv)
Y

2 500 pm
7 e—

Figure 7. Demonstration of rounded corners notch depth d and curvature
radius p in (A) CAD model and (B) magnified view of 3D printed sample
of the marked area in (A). Curvature can be measured using Image].
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Figure 8. Value of difference between strain at failure and strain at first
load drop in O group (without rounded corner) and R group (with
rounded corner)

Therefore, according to the calculation results in Table 6,
it can be observed that the corrected yield strength ¢* does
not exceed the theoretical strength of solid Ti-6Al-4V
printed by the same SLM machine, which is about 1310
MPa. However, the maximum strength g, on the notch
exceeds the theoretical yield strength of 1310 MPa. This
indicates that the material has reached yield at the notch,
initiating plastic deformation and crack propagation,
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leading to fracture at that point, resulting in a lower yield
strength of the overall structure than expected.

3.3.Impact of angle between the struts on
mechanical properties

Figure 6 illustrates the stress—strain curves for structures
with different angles between the struts, whereas Table 4
compares the mechanical properties of structures with
different support angles. According to the experimental
results, structures with larger angles between the struts

Figure 9. Side view of specimen fracture shows the fracture on the strut
node with 45°

A B

Area=A Area=0.18*A

Figure 10. Test specimen cross-sectional area under compression test.
(A) The area calculated by Equation II for the maximum strength of the
notch; (B) the area calculated by Equation IV for the maximum strength
of the notch.

exhibit superior mechanical properties. Specifically, the
yield strength can reach up to a maximum of 26%, and the
compressive strength can reach up to 29%. In addition, they
also demonstrate better energy absorption performance.
Compared to the previous manipulation factor of rounded
corners, structures with larger angles between the struts
show greater improvements in strength.

When atetrahedron is subjected to vertical compression,
the strength along the strut can be divided into a buckling
vector B and a bending vector D (Figure 11). Their
relationship with the strut angle 0 can be expressed by
Equations V and VI. Furthermore, the buckling vector can
be further divided into normal force N and lateral force
L (Figure 12). Their relationship with the strut angle 0
can be expressed by Equations VII and VIII. Combining
Equations V and V1, they can be rearranged into Equations
IX and X.

B=F - sinf V)
D=F - cosO (V1)
N=B - sin (VID)
L=B * cosf (VIII)
N=B - sin2 (IX)
L=B * cosf * sinf X)

Through the mathematical calculations presented in
Table 7, it is evident that as the strut angle 0 increases, lateral
force L and buckling vector B increase. The increase in both
the buckling vector and lateral force vectors contributes to
the requirement of greater force and longer compression
deformation. During compression, the material is subjected
to positive compression and squeezed laterally by the
structure, and the structure with a larger angle needs more
deformation to achieve the angle of fracture. Consequently,
when the angle between the struts becomes larger, the
change in angle to achieve fracture during deformation of
the tetrahedral structure also increases. This indicates that
structures with larger angles require more deformation to
be compressed and fracture, which also leads to the larger
value of the difference between strain at failure and stain

Table 6. Maximum strength on the node of a solid strut in single porosity material

Specimen d (mm) p (mm) k o (MPa) ¢ (MPa) . (MPa)
0_99.5_65 0.71£0.01 0.16+0.01 5.21 143.32 796.22 4148.31
0_109.5_65 0.70£0.04 0.17+0.01 5.06 163.07 905.94 4584.06
0_119.5_65 0.68+0.06 0.16+0.03 5.12 172.10 956.11 4895.28
R_99.5_65 0.65%0.03 1.21+0.08 2.47 147.07 817.06 2018.14
R_109.5_65 0.66+0.05 1.25+0.04 2.45 170.80 948.89 2324.78
R_119.5_65 0.62%0.06 1.24+00.09 2.41 185.10 1028.33 2478.28
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Table 7. Buckling vectors calculation of different angles between the struts buckling

Angle (°) 0(°) sin6 cosO Buckling vector Normal vector Lateral vector
99.5 9.5 0.165 0.986 0.165F 0.027F 0.163F
109.5 19.5 0.334 0.943 0.334F 0.112F 0.315F
119.5 29.5 0.492 0.870 0.492F 0.242F 0.428F
Note: Vector can be separated by normal vector and lateral vector.
A B
Force (F) :
Buckling vector (B)
Buckling vector (B) Bending vector (D) 0
Bending vector (D) 0 Force (F)

Figure 11. Demonstration of force components and angles of the tetrahedral structure. (A) The force components separated by buckling vector and
bending vector; (B) the relationship between the angle between the struts and buckling vector.

Buckling vector (B)
Normal vector (N)
0

Lateral vector (L)

Figure 12. Buckling vector force component, which can be separated by
normal vector and lateral vector

at first load drop (Figure 8). With a larger angle between
the struts, the buckling vector increases, and the first load
drop is delayed, resulting in a higher strain when the first
strut of the entire structure fractures, accompanied by a
higher strength.

3.4. Comparison between gradient material and
single porosity structure

In Table 4, solid Ti-6Al-4V, without any porosity,
exhibits high yield strength and ductility. However, when
considering lightweight applications, gradient porous
structures require less material, leading to higher SEA,
as shown in Table 8. Gradient porous structures show
larger strains than solid structures due to their unique
collapse mechanism. The compression behavior of porous
structures with uniform porosity and gradient porosity is
discussed in detail below in this study.

Figure 6 and Table 8 show the stress—strain curve
diagram and energy absorption of the single porosity
structure, while Figure 13 and Table 8 show the stress—
strain curve diagram and energy absorption of the
gradient structure. Through the stress—strain curve

diagram obtained from the material compression test,
the area underneath can be calculated to determine
the material's energy absorption. According to the
experimental results, the energy absorption of the gradient
material is significantly higher than that of the single
porosity material. The main reason for this is that during
compression, the gradient material collapses from high
porosity to low porosity. As the high porosity collapses
downward, it densifies the lower layers, thereby increasing
strength again. This process repeats several times, leading
to a layered collapse of the material, unlike the single
porosity material, which fractures directly in random
directions. As presented in Figure 14, two ways of different
fractures between uniform porosity and gradient porosity
in this experiment are shown.

Figure 15 demonstrates that as the relative density
increases, the volume fraction also increases, leading to an
enhancement in SEA. When compared to other studies,**!
the gradient structure examined in this research shows a
higher energy absorption capacity at the average relative
density. This indicates that optimizing the gradient
structure significantly improves its energy absorption
capabilities, outperforming other structural designs
analyzed in previous studies.

3.5. Comparison of mechanical properties in this
study

In the initial comparison between the diamond structure
(O_109.5_65) and the control group (gyroid), the diamond
structure showed better yield strength, whereas the gyroid
exhibited superior strain and SEA (Table 9). However,
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Figure 13. Compressive stress—strain curves of gradient porosity materials with angles between struts of (A) 99.5°, (B) 109.5°, and (C) 119.5°

Figure 14. Compression fracture of (A) single-porosity and (B) gradient
material. The deformation of the Ti-6Al-4V porous structure with single
porosity occurred randomly. The gradient-porosity structure deformed
from the top to the bottom layer by layer.

Table 8. Energy absorption under compression test between
uniform porosity (65%) and gradient porosity (55% - 60% -
65% - 70% - 75%)

Uniform porosity SEA (J/g) Gradient porosity SEA (J/g)

0_99.5_65 5.01+0.22 0_99.5_G 42.78+0.72
0_109.5_65 5.45+0.36 0_109.5_G 48.89+1.13
O_119.5_65 6.10+0.29 0_1195_G 54.46+1.66
R_99.5_65 5.49+0.32 R_99.5_G 50.97+1.33
R_109.5_65 6.04+0.15 R_109.5_G 64.93+2.17
R_119.5_65 6.61+0.26 R_1195_G 71.56+1.22

Abbreviation: SEA: Specific energy absorption.

after enhancing the diamond structure by adding rounded
corners and increasing the angle between the struts to
L_119.5 65, the yield strength increased significantly
compared to the original design. When compared to the
gyroid control group under gradient porosity, L_119.5_G
demonstrated better energy absorption than the gyroid.

This study manipulates two main variables: The
presence of rounded corners and changes in strut angles.
As the radius of the rounded corners increases, the
concentration of strength decreases, leading to an increase
in yield strength and compressive strength. Therefore,
yield strength is positively correlated with the radius
of curvature of the rounded corners. As the strut angle

increases, the buckling vector increases, contributing to
the improvement of mechanical properties. Hence, yield
strength is positively correlated with the strut angle.

The appearance of yield strength can be regarded as
the starting point of plastic deformation, where the struts
start to exhibit permanent deformation. The appearance
of compressive strength reveals the beginning of strut
fracture. In this experiment, the sizes of the strut angles
were compared for both yield strength and compressive
strength. As the strut angle increases, both yield strength
and compressive strength increase accordingly. As the
y-axis shown in Figure 16, the enhancement of yield
strength and compressive strength with different angles
between the struts up to 26% and 29%, respectively. The
increase in strut angle contributes significantly to the
improvement of mechanical properties.

However, despite the increase in stress concentration
factor, the strength standing by the notch increases
accordingly. Conversely, both vyield strength and
compressive strength decrease, but the magnitude of the
difference on the y-axis is not significant, with only a 6%
and 8% difference, respectively. From Figure 17, it can be
observed that the majority of the differences in mechanical
properties still stem from changes in the angle. Hence,
the strut angle with the maximum value of 119.5° is
consistently depicted at the top of the graph.

Furthermore, by multiplying the reciprocal of the two
manipulated variables in this experiment, namely the strut
angle and the stress concentration factor, as the x-axis
and setting the y-axis as the yield strength, Figure 18 was
obtained. It can be observed that they exhibit a positive
correlation, with correlation coefficients (R?) all >0.95. This
indicates a minimal error, affirming the reliability of the
data.

Figures 19 and 20 show that, through different scales of
photography, both camera and optical microscope reveal
clear differences in image results between specimens with
and without rounded corners. However, specimens with
rounded corners do not exhibit significant improvements
in yield strength and compressive strength compared to

Volume 1 Issue 2 (2025)

10

doi: 10.36922/ESAM025170009


http://dx.doi.org/10.36922/ESAM025170009

Engineering Science in
Additive MarIUfaCturing Porous structure performance improvement

9 0_99.5_65 [This study]
9 0_109.5_65 [This study]
9 0_119.5_65 [This study]

80 @ R _99.5 65 [This study]
Ir . @ R_109.5_65 [This study]
_ F @R _119.5_65 [This study]
20 - * 9 0_99.5_G [This study]
= -
= OF X © 0_109.5_G [This study]
£ E * @ 0_119.5_G [This study]
& 50 $ @ R _99.5 G [This study]
S 5 @ R_109.5_G [This study]
=2 4 <
< 4} © R_119.5_G [This study]
a 5 ’! % Gyroid_65 [This study]
3 30 B Cubic_G [23]
] L B Cubic [23]
= 20 L] ® Honeycomb_G [23]
5] L @ Honeycomb [23]
2 1wk > BCC TPMS_70 [39]
2 L o & ¢ ¥ * ) BCC TPMS_80 [39]
ok » ¥ | »BCC TPMS_90 [39]
PO WY Y TR TR TR T TN TR MY SN T S S W >k Orthogonal_G [40]

1
010 0.5 020 025 030 035 040 045 0.50 3K Orthogonal_50 [40]
K Orthogonal_60 [40]
3K Orthogonal_70 [40]
> Orthogonal_80 [40]

Relative Density

Figure 15. Comparison of the specific energy absorption with other porous structures built by selective laser melting. The black one indicates the gradient
porosity; the gray one indicates the uniform porosity.
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Figure 16. Compression test of (A) Yield strength, (B) Compressive strength, and (C) strain versus angle between the struts. O=the original sample,
without rounded corners; R=the same with rounded corners.
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Figure 17. Compression test of (A) yield strength, (B) compressive strength, and (C) strain versus stress concentration factor

Table 9. Summary comparison under compression test in this study

Specimen Yield strength (MPa) Compressive strength (MPa) Strain (%) SEA (J/g)
Gyroid_65 155.9+£3.5 210.8+0.2 6.3+0.5 5.9+0.2
0_109.5_65 163.1+1.5 196.0£1.2 5.5+0.1 5.5+0.4
R_119.5_65 185.1+£2.0 237.3+0.2 6.4+0.2 6.6+0.3
R_1195_G 135.4+3.3 249.3+3.1 74.7£1.8 71.6x1.2

Abbreviation: SEA: Specific energy absorption.
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Figure 18. Yield strength versus different angles between the struts and
stress concentration factor (k). The correlation coefficients (R?) all >0.95
show the reliability of the data in this experiment. O=the original sample,
without rounded corners; R=the sample with rounded corners.

A B

L

Figure 19. Top view of the specimen taken with the camera (A) without
rounded corners and (B) with rounded corners

Figure 20. Optical microscope images for the top view of the specimen
(A) without rounded corners and (B) with rounded corners

those without rounded corners. This is speculated to be
due to the lack of post-processing of the specimens, as
evidenced by the unmelted powder adhering to the struts
(Figure 21). Despite the structure with rounded corners,
this adherence results in substantial surface roughness,
leading to stress concentration effects and eventual
material failure. If the surface roughness can be reduced in

Figure 21. Unmelted powder attached on strut under (A) optical
microscope and (B) scanning electron microscope

the future, thereby reducing strength concentration issues,
the mechanical properties of the structure are expected to
improve once again.*

4, Conclusion

In this study, gradient porous structures and geometric
optimization strategies were employed to enhance
mechanical performance. Gradient porosity not only
reduced sample weight but also significantly increased
SEA due to layer-by-layer collapse behavior. In addition,
increasing the angle between struts improved ductility and
delayed structural failure, leading to enhancements in yield
strength and compressive strength by approximately 26%
and 29%, respectively. Node chamfering helped to reduce
stress concentration and resulted in yield and compressive
strength improvements of about 6 — 8%; however, its effect
was limited, likely due to surface roughness caused by
unmelted powder.

Furthermore, compared to the previously validated
gyroid_65% structure, the optimized diamond-based
design (L_119.5_65%) exhibited a 19% increase in
strength, as shown in Table 9. These findings indicate
that the combined implementation of gradient porosity
and geometric optimization is an effective strategy for
designing high-performance porous metallic structures for
energy absorption applications.
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Abstract

In the growing additive manufacturing industry, there is increasing demand for
improved as-built surface quality of parts fabricated by the powder bed fusion
(PBF) process, particularly in the aerospace, medical, and tooling industrial sectors.
The surface finish of PBF parts is often suboptimal due to the inherent layer-by-
layer fabrication process. Depending on the material used, the average surface
roughness (Ra) of PBF components typically ranges from 5 to 50 um. To address
this issue, various strategies have been investigated, including optimizing printing
process parameters, refining support designs, and upgrading laser hardware. In this
study, we investigated the machine factors on the as-built surface quality of parts
in the PBF process. Fully dense as-built 1.2709 tool steel parts were produced with
a relative density of 99.9% using platform pre-heating. Without heat treatment, the
as-built part exhibited an ultimate tensile strength of 1,135 £ 75 MPa, yield strength
of 915 £ 120 MPa, and an elongation of 12 + 3%. Vickers hardness was measured at
339+ 35. Surface measurements were performed on parts placed across the substrate
plate, with the Ra of as-built vertical walls averaging 22.6 + 11.9 mm. Results showed
that the surface quality of as-built 1.2709 tool steel parts, with a layer thickness of
30 um, was significantly affected by their distance from the inert gas outlet and the
laser center. This study demonstrates that the as-built surface quality of PBF parts can
be controlled through more effective build job preparation without changing key
processing parameters.

Keywords: Additive manufacturing; 3D printing; Powder bed fusion; Selective laser
melting; Surface quality; Tool steel

1. Introduction

Additive manufacturing (AM), as defined by International Standardization Organization/
ASTM 52900:2021," is the process of joining materials to make parts from 3D model
data. Usually, materials are joined layer upon layer, as opposed to subtractive and formative
methods of manufacturing. Seven families of AM are commonly recognized, while powder
bed fusion (PBF) uses lasers as the energy source to fully melt and fuse the metal powder
materials directly to form the near-net shape metal product, which can be fully functional.
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Laser-based PBF of metals, commonly known as
selective laser melting (SLM) or direct metal laser sintering,
is an AM process capable of producing near-net-shape
metal components for research and industrial applications.
The process begins with a computer-aided design model
configured with process parameters and sliced into layers
using specialized software. During fabrication, metal
powder is deposited onto a build plate layer-by-layer with
a predefined layer thickness.” The laser selectively melts
the powder in each layer, fusing it to form the final part.®
PBF enables the rapid fabrication of metal components
with complex geometries, offering good quality and
dimensional accuracy.* It enhances design freedom by
eliminating many of the geometric constraints imposed
by conventional machining methods. In addition, PBF
supports part integration, which can reduce manufacturing
costs and improve overall component performance,
making it well-suited for meeting industrial demands.’
Parts are built layer-by-layer with the thickness of each
layer at 20 - 100 um. Ideal metal powder is spherical,
medium-sized, with a narrow particle distribution.
Oxygen level is controlled at <500 ppm. The platform can
be heated up to 200°C.° PBF technology is compatible with
many materials, highly efficient, and capable of producing
complex end-products of high precision.”® Companies
such as General Electric, Airbus, Boeing, and Rolls-Royce
are all at the forefront of using more metal AM in their
production line.” !

Key advantages of the PBF process include greater
design freedom, enhanced functionality, reduced
tooling and setup costs, lightweight structures, mass
customization, and overall cost savings.® However, various
post-processing steps, such as heat treatment, secondary
machining, and polishing, are often necessary to improve
the quality of parts produced by the PBF process further.
Components fabricated using PBF can exhibit superior
properties compared to those made by conventional
methods, largely due to the refined microstructures
formed during the rapid cooling and solidification cycles,
with cooling rates ranging from 10° to 10°°C/s. Despite its
potential for producing near-net-shape components, PBF
technology has yet to be widely adopted across industries.
A key barrier to broader implementation is the need for
additional post-processing to achieve the surface quality
required for many applications."?

The surface roughness (Ra, the arithmetic mean
deviation of the assessed profile) of metal additive
manufacturing (AM) components varies between 5 and
50 um, depending on the material used.'” At present,
additional post-processes such as computer numerical
control milling and turning, grinding, and polishing are
implemented to achieve <1 um Ra.” In addition, the

following factors are important in determining the final
surface quality built by PBF: Material feedstock (type, size,
and quality), surface orientation concerning the process,
support interface, and key processing parameters.’* In
recent years, the effect of machine factors on Ra variation
has also received attention.

A variety of process parameters influence print quality
in AM, including laser power, scanning speed, hatch
spacing, layer thickness, scanning strategy, spot size, and
pre-heat temperature.”” In addition, other factors, such
as gas flow rate and raw material properties, can impact
process stability and overall print quality. These parameters
collectively affect mass and heat transfer within the melt
pool, thereby influencing melt pool behavior and the
resulting part quality.'® Meanwhile, heat treatment such as
annealing also has a major effect on the fracture toughness
and the threshold for fatigue crack initiation.”” Two other
parameters to be considered are scanning strategy and
build orientation.'®

The main characteristics of 1.2709 tool steel are
characterized by high hardness and high ductility.”*# Its
specific mechanical properties allow usage in high-stress
components due to its high wear resistance.”* Lasers
can also be used to diminish the Ra of 1.2709 tool steel
PBF parts up to 41% and increase their hardness up to
88%.2 The maximum operating temperatures can further
reduce wear. It is commonly used for applications such as
conformal cooling systems for mold devices.?””® Various
build strategies were developed to optimize the printing
process of 1.2709 tool steel.”** In hybrid manufacturing
applications, 1.2709 tool steel (ASTM A276/M300) is
widely used and adopted.** Its performance can also
be enhanced via various heat treatment methods, such
as solution annealing and aging after the PBF fabrication
process.’””?® Its microstructure change during heat
treatment was investigated to obtain the optimal heat
treatment process.***?

This study aims to produce high-quality PBF parts and
investigate the machine factors affecting the surface quality
of as-built parts from the PBF process, such as inert gas
flow and the position of parts relative to the location of the
laser spot center.

2. Data and methods
2.1. Material and manufacturing

This study used 1.2709 tool steel (ASTM A276/M300)
(Nikon SLM Solutions AG, Germany). As shown in
Figure 1, the powder has a spherical morphology
according to the standards of the German Institute
for Standardization (DIN), European Standard (EN),
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and International Standardization Organization (ISO)
3252:2023, with a particle size distribution of 10 - 45 um.
Its mass density is 8.0 g/cm®. Its chemical composition is
shown in Table 1. The powder was dried before loading
into the PBF machine with professional dry bags (Nikon
SLM Solutions AG, Germany) to ensure that the relative
humidity of the powder was <10% before starting the PBF
process.

An AM machine was used for the PBF process (SLM280
Twin 700W laser, Nikon SLM Solutions, Germany).
A powder layer thickness of 30 um was maintained, with

Figure 2. Gas flow and recoating direction of Nikon SLM Solutions’
SLM280 twin laser additive manufacturing system.

Note: Green arrows indicate the gas flow direction, and blue arrow
indicates the recoating direction.

a rotating hatch angle of 67°, whereas the laser beam focus
diameter was 80 — 115 wm. The substrate plate was pre-
heated to 200°C before starting the fabrication process.
During the fabrication process, its gas flow came from
right to left, and the recoating direction came forward and
backward (Figure 2). High-purity argon gas was pumped
into the build chamber to maintain oxygen level below
1,000 ppm throughout the fabrication process. Argon gas
flow speed was controlled at 22 m/s to ensure that heavy
spattering and soot formed from the rapid melting process
could be effectively removed from the powder bed. The
oxygen level was closely monitored via the AM system’s
monitoring control system to ensure that the oxygen level
was below 1,000 ppm. The metal powder was spread onto
the substrate plate evenly with the calibrated recoater. The
gap between the recoater blade and the substrate plate was
controlled at 200 um to ensure consistency across build
jobs. Steel substrate plates were also ground smoothly, with
their Ra <30 pum, to ensure that the building of the first
layer on the substrate plate was smooth.

2.2. Design of parts

In this study, the testing parts in Figure 3 were produced
and measured for their surface quality. Each part consisted
ofa 25 x 25 x 10 mm’ cube with a 25 mm diameter, 10 mm
high cylinder on top. Twenty parts were produced per plate.
The parts were removed from the substrate plate for further
measurements of their surface quality. Surface quality
was measured on the front, back, left, and right surfaces
of every cube. Eighty measurements were performed to
investigate the surface quality of as-built PBF parts against
gas flow direction, recoat direction, and consistency across
the full plate. The parts were stored inside sealed boxes
during transportation to minimize the contamination of
the part surface from the atmosphere.

2.3. Experimental and characterization methods

In this study, a 3D laser scanning microscope (VK-X200
series, KEYENCE, Japan) was used. On every surface, a
1 mm x 1 mm surface area was measured. Relative density
wasdeterminedbytestingspecimensusinglight microscopy.
Tensile testing was performed following the standards
of DIN, EN, and ISO 6892 - 1:2020 B and conducted at
room temperature. Tensile parts were processed before
testing (geometry according to the standards of DIN, EN
50125:2016 - D6 x 30, and DIN 50125:2016 - C6 x 30).
Hardness testing was conducted according to the standards

Table 1. Chemical composition of 1.2709 tool steel powder (mass fraction in %)

Element Fe Ni Co

Ti Al Mn Si C

% Balance 18.00 - 19.00 8.50 - 9.50

4.70 - 5.20

0.50 - 0.80 0.05-0.15 0.10 0.10 0.03
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Left

Figure 3. As-built parts are produced using the powder bed fusion system. (A) As-built parts on the substrate plate; (B) parts with labeling from the top

view; (C) front, back, left, and right surfaces of parts.
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Figure 4. Surface roughness for surfaces against their distance to the gas flow outlet. (A) Overall surface. (B) left surface.

DIN, EN, and ISO 6507 - 1:2024. Measurement direction
was “2” according to the Association of German Engineers
(VDI) 3405 2.1.

3. Results and discussion
3.1. Mechanical properties

The results of the mechanical properties of this 1.2709 tool
steel (ASTM A276/M300) metal powder produced from
Nikon SLM Solutions’ SLM280 twin laser AM system are
shown in Table 2 after conducting respective density test,
tensile test, and hardness test.

3.2. Surface quality properties

The overall average Ra of all 80 measurements in this study is
22.6 + 11.9 um. The average Ra of left, right, front, and back
surfacesare23.0+ 153 um,24.5+ 14.3 um, 19.1 £ 6.9 um, and
23.8£9.2 um, respectively. Detailed data of all measurements
are shown in Table 3. All parts’ right surfaces were the closest
to the gas flow outlet, whereas their left surfaces were the
furthest away from the gas flow outlet. Their front and back
surfaces faced the recoater’s moving direction when recoating
metal powder during the PBF process.

3.3. Effect of gas flow

The effect of gas flow on surface quality was analyzed.
Figure 4 and Table 4 show the change in Ra due to the
change in its distance from the gas flow outlet. These
results showed that the measured Ra increased gradually
when the fabricated parts were placed further from the gas

Table 2. Mechanical properties of 1.2709 tool steel (ASTM
A276/M300) used in this study

Properties Values
Relative density 99.9%
Ultimate tensile strength (MPa) 113575
Yield strength (MPa) 915+120
Elongation (%) 1243
Vickers hardness (HV10) 339+35

Table 3. Overall surface quality of all measurements

Surface direction Surface roughness, Ra (um)

Overall 22.6x11.9
Left 23.0£15.3
Right 24.5+14.3
Front 19.1+6.9
Back 23.849.2

flow outlet. The impact of such gas flow became significant
when the distance exceeded 200 mm. Ra of parts at a
distance of 120 mm from the gas flow outlet was better
than that at 70 mm. The potential root cause was that those
parts placed at a distance of 120 mm from the gas flow
outlet were closer to the center of the laser spot location.
Therefore, such results also show that the distance of the
part from the center of the laser position has a stronger
impact on the as-built parts’ Ra compared to the distance
from the gas flow outlet.
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The argon gas was blown from the inert gas outlet on
the right of the build chamber. Spattering and soot were
formed during the rapid laser melting process. Although
most spattering and soot were expected to be blown away
from the powder bed working area, a portion of this
spattering and soot would still fall onto the powder bed,
affecting the surface quality if it fell onto the edges of the
fabricated parts. This issue became more significant for
those parts placed on the left part of the building areas
because more spattering and soot were generated from the
right areas.

In addition, Figure 5 shows that the standard deviation
of the Ra increases gradually when the distance to the gas
flow outlet increases from 20.0 mm to 120.0, 160.0, and
260.0 mm, with the same number of measurements and
parts at each location. When parts were placed further
from the gas outlet, unpredictable spattering and soot
would have a more significant impact on the parts’ Ra.
Moreover, while the argon gas flow speed was maintained
inside the build chamber, its effectiveness in removing
the spattering and soot decreased when the parts were
further away from the gas outlet position. A sintered wall
was used at the argon gas outlet to ensure a laminar flow
was blown into the build chamber. Turbulence would still
be formed in the chamber, especially in spaces further
away from the gas flow outlet. Such turbulence would
also bring some spattering and soot back to the powder
bed in the left area, affecting the as-built parts’ surface
quality.

Table 4. Surface roughness for all surfaces against their
distance to the gas flow outlet

Distance to gas Part number

flow outlet (mm)

Average surface
roughness (um)

20.0 4,5,16,17 20.7£2.5
70.0 10, 11 21.4+2.1
120.0 3,6,15,18 20.4+3.1
160.0 2,7,14,19 22.3+3.5
210.0 9,12 25.1+1.1
260.0 1,8,13,20 26.4+5.7

Standard deviation (jum)

0 50 100 150 200 250 300

Distance from gas flow outlet (mm)

Figure 5. Standard deviation of the parts’ surface roughness against their
distance to the gas flow outlet

3.4. Effect of build position

The average Ra of each part is defined as the average
value of its front, back, left, and right surfaces’ Ra values
(Equation I):

R (sample) = average (R [front] + R [back] + R_[left] + R,
[right]) ey

In this study, a twin laser PBF system was used. The
laser positions are marked as “X” in Figure 6. Detailed data
of all 20 parts and their positions are shown in Figure 6.
Parts placed near the center of the laser, such as parts 2, 3,
6,7, 14, 15, 18, and 19, had a better surface quality in the
range of 15 — 20 wm. Parts placed further away from the
center of the laser, such as parts 1, 4, 8, and 13, had poorer
surface quality in the range of 25 - 35 pm.

The effect of building positions was analyzed.
Figure 7 and Table 5 show the average Ra compared to the
distance of the fabricated parts from the center of the laser
spot positions. Ra values of PBF fabricated parts increased
gradually when the parts were placed further away from
the center of the laser spot location.

When the parts were placed further away from the
center of the laser spot, the laser spot became more

0 s 10 15 20 25
Sample number

Figure 6. The position of parts in the build chamber and their overall
surface quality. (A) Overall surface quality of the parts. (B) Positions of
parts with labeling.

Note: The “X” marks in (B) indicate the laser position in the powder
bed fusion system. Red circles indicate regions close to the center of the
laser, whereas green circles indicate further regions. The parts included
in rectangles in (A) correspond to the parts included in the circles of the
same color in (B).

30

Surafec roughness, Ra

0 S0 100 150

Distance from the center of laser spot (mm)

Figure 7. Surface roughness for all surfaces against their distance to the
center of the laser spot
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elliptical. This would result in reduced energy density, thus
causing higher Ra or even forming porosity inside the part
due to a lack of fusion. Figure 8 illustrates the consequence
of such laser interaction due to the position of the parts.
When the laser was shot directly onto the powder bed from
90° vertically, the melt pool and laser spot size were nearly
a perfect round shape. However, when the part moved
away from the center of the laser spot, the melt pool shape
became distorted, which negatively affected the surface
quality of the as-built parts.

3.5. Summary of the surface quality of parts

Figure 9 summarizes the measured surface quality of parts
fabricated on different positions of the substrate plate,
with the indication of the gas flow direction and recoating
directions.

Table 5. Surface roughness for all surfaces against their
distance to the center of the laser spot

Distance from the Part number

laser center (mm)

Average surface
roughness (um)

32.0 2,3,6,7,14,15,18, 19 21.3%£3.0
89.0 9,10,11,12 23.3+2.0
122.6 1,4,5,8,13,16,17,20 23.5+5.5
A _ B
LA
y L § O
f90° IR
i N el /
| \’\ Bt

Figure 8. Illustration of laser interaction on the powder bed. (A) Laser
interaction with powder bed at different incident angles. (B) Elliptical
shape of the laser beam when the parts are placed at a different location
on the substrate plate (courtesy Nikon SLM Solutions AG).
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Figure 9. Surface roughness for all parts on the substrate plate.

Notes: # indicates part number. The “X” mark in gray indicates the center
of the laser spot. Green boxes indicate that produced parts have a good
Ra value smaller than 20 um. Orange boxes indicate those produced parts
have a relatively poor Ra value between 20 um and 30 um. Red boxes
indicate those produced parts have a poor Ra value larger than 30 pm.

When all identical parts with the same geometry design
and the same support design were fabricated inside the
same build chamber, using the same argon gas settings,
recoating settings, metal powder, and process parameters,
their Ra varied across the full substrate plate. The key
factors that account for such variations are the distance
from the parts to the gas flow outlet and the center of the
laser spot. For example, parts 1, 8, and 13 had the worst Ra
because they were furthest away from the gas flow outlet,
as well as the center of the laser spot. On the other hand,
parts 5,7,11, 14, 16, 17, and 18 had better Ra because these
parts were placed close to either the center of the laser spot
or the gas flow outlets. As a general trend observed from
the measurements, parts positioned on the right side of the
substrate plate (which are closer to the gas flow outlet) and
parts placed near the center of the laser spot have better Ra
compared with those parts that are placed away from the
gas flow outlet and the center of laser spot position.

4. Conclusion

In this study, 1.2709 tool steel (ASTM A276/M300) was
fabricated using the PBF system. The main conclusions of
the study are summarized as follows:

(i) Fully dense parts of a relative density of 99.9% were
fabricated from the PBF process with platform pre-
heating. Without heat treatment, its as-built ultimate
tensile strength was 1,135 + 75 MPa, yield strength
was 915 + 120 MPa, and elongation was 12 + 3 %. It
has HV10 at 339 + 35.

(ii) Surface measurements were performed for parts
placed across the substrate plate, and the average Ra
for as-built vertical walls was 22.6 + 11.9 um.

(iii) Machine factors, such as the distance of parts to the
gas flow outlet, impact the Ra of as-built parts. The Ra
becomes higher when the parts are placed further away
from the inert gas outlet. The distance of parts to the
center of the laser spot also impacts the Ra of as-built
parts. The Ra increases when the parts are placed
further away from the center of the laser spot location.

This study provides guidance and reference for
optimizing the PBF fabrication strategy, especially on the
part placement, considering machine factors such as inert
gas outlet and laser spot position.
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Abstract

Hot isostatic pressing (HIP) of Hastelloy X alloy is an essential heat treatment process
in manufacturing hot-end components for aerospace engines. This study investigated
the microstructure evolution and mechanical properties of laser powder bed fusion-
manufactured Hastelloy X superalloy at room and high temperatures under various
HIP treatments. The results showed that as the HIP temperature increased, the
recrystallization degree increased, with the proportion of low-angle grain boundaries
decreasing from 49.7% at HIP1100 to 0% at HIP1210. The carbides along the grain
boundaries evolved from particle distribution at HIP1100 to chain-like distribution at
HIP1180 and coarsened at HIP1210. In the room temperature tensile test, specimens
treated at HIP1100 exhibited the highest tensile strength due to restrained dislocation
slip, grain refinement strengthening, and carbide dispersion strengthening. In
the high-temperature tensile test, significant carbide coarsening was induced at
HIP1100, while minimal changes were observed at HIP1180 and HIP1210. As the
HIP temperature increased, the tensile strength and elongation both improved due
to the synergistic effect of the reduced number of grain boundaries and chain-like
distribution of carbides. The cracks primarily propagated along the grain boundaries,
with the HIP1210 specimen showing a better capacity for crack inhibition.

Keywords: Hastelloy X superalloy; Laser powder bed fusion; High temperature tensile
test; Microstructure; Carbide

1. Introduction

Hastelloy X superalloy is a key structural material in the present aerospace industry
due to its excellent high-temperature creep strength and exceptional corrosion
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resistance.'? As the core of aerospace vehicles, the turbofan
engines encounter challenges such as complex structures,
prolonged cycles, and high costs with casting and forging
techniques.*> Compared with traditional techniques,
the laser powder bed fusion (LPBF) technology was
employed to enable the integrated precision fabrication of
complex structures.®® However, the rapid layer-by-layer
manufacturing process of as-built structures harmed the
microstructure and mechanical properties, hindering the
practical application of LPBF technology.”*® Therefore, heat
treatment was necessary for as-built structures to enhance
the comprehensive mechanical properties at room and
high temperatures.''?

Recently, to meet the application requirements of
the above-mentioned specifications for Hastelloy X, the
solution treatment was widely employed to optimize
defects, homogenize the microstructure, and enhance
mechanical properties. In research on room temperature
mechanical properties, Keshavarzkermani et al.'* analyzed
the grain misorientation and grain boundary structure of
as-built and solution-treated LPBF Hastelloy X samples.
The result showed that the pores were eliminated, and grain
recrystallization with varying degrees was induced with
different solution treatment methods, accompanied by the
columnar grains transforming into recrystallized equiaxed
grains. Cheng et al.® investigated the strengthening
mechanism between the microstructure and mechanical
properties of the solution-treated Hastelloy X samples.
They found that the full release of distortion energy with
the complete grain recrystallization led to a significant
reduction in the dislocation density and the appearance
of twins. These studies succeeded in enhancing the
mechanical properties at room temperature with limited
grain anisotropy and twin boundary transition.

More importantly, the high-temperature mechanical
properties of the Hastelloy X alloy are critical for the
manufacturing of hot-end components for aerospace
engines.'*** Montero-Sistiaga et al.'” compared the high-
temperature mechanical properties of as-built and solution-
treated Hastelloy X specimens. They observed a substantial
decline in both strength and ductility of the Hastelloy X
alloy, which may be associated with carbide formation at
the grain boundaries during the high-temperature tensile
test. Agrawal et al®® also confirmed that the reduced
ductility with the elevated temperature was attributed to
the intergranular fracture caused by the carbides at the
grain boundaries. Although the solution treatment of
Hastelloy X alloy achieved high mechanical properties at
room temperature, it failed to acquire sufficient mechanical
properties in the high-temperature tensile test,! thereby
impeding its practical application. Furthermore, it could

be inferred that the low carbide content in the solution-
treated Hastelloy X specimens restricted carbide formation
and mechanical performance during high-temperature
service. Therefore, it is imperative to devise a new heat
treatment method to enhance the carbides of Hastelloy
alloys.

In recent studies, hot isostatic pressing (HIP) has been
considered a thermally activated process that promotes
grain boundary migration and carbides with limited
cooling rate.”> A few studies reported that HIP treatment
was beneficial for the enhancement of deformation capacity
at high-temperature tensile tests.”** It was found that the
high-temperature deformation ability of HIP specimens
was considered to be possibly affected by grain boundary
proportion and carbide precipitation.”** Marchese et al.*°
found that HIP-triggered recrystallization generated
equiaxed grains, and the slow cooling rate led to the
production of intergranular carbides and intragranular
carbides in the 1160°C HIP process of Hastelloy X alloy.
According to a report by Tomus et al.,*! the low number of
finely dispersed carbides segregating at the grain boundaries
in the Hastelloy X alloy HIP-treated at 1,175°C showed
minimal effect on its mechanical properties. Sanchez-
Mata et al.** proposed that compared to discrete carbides
along the grain boundaries under ST, HIP treatment at
1,155°C brought more continuous precipitates along grain
boundaries in Hastelloy X specimens. Li et al.** proved
that the chain-like and plate-like precipitates distributed
at the grain boundaries under the HIP temperature of
1,100°C - 1,175°C contributed to the different mechanical
properties of Hastelloy X specimens. Sun et al.** conducted
HIP treatment at 1,050°C and solution treatment on LPBF-
manufactured GH3536 alloy, with results showing that
both tensile strength and elongation at high temperature
were improved. In summary, the present HIP treatment
temperature ranges from 1,050°C to 1,175°C for LPBF-
manufactured Hastelloy X structures, based on casting and
forging structures. However, a higher HIP temperature
was required to activate the recrystallization and carbide
precipitation process due to the distinctive microstructure
characteristics, which are rarely reported in present
studies. Therefore, by adopting elevated HIP temperature,
this study primarily focused on the role of carbide control
in enhancing the high-temperature mechanical properties
of LPBF-manufactured Hastelloy X superalloy and the
mechanism of grain recrystallization and carbides on
mechanical performance following HIP treatment.

This study fabricated an LPBF as-built Hastelloy X
specimen, along with those subjected to HIP treatment
at 1,100°C, 1,180°C, and 1,210°C. The effects of HIP
treatment on substructure, recrystallization, and carbide
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characteristics were investigated, and mechanical
properties at room and high temperatures were tested
using failure mode analysis.

2. Experimental methods
2.1. Materials and deposition process

The Hastelloy X superalloy powder utilized in this
experiment was gas atomized by Xian Bright Laser
Technologies Co., Ltd (China). The composition of
Hastelloy X superalloy powder is listed in Table 1.

The SLM280 machine produced by Solution GmbH
in Germany was employed for LPBE. The laser focus
diameter ranged from 80 wm to 115 um. The experimental
process was conducted under the protection of nitrogen,
maintaining the proportion of oxygen below 0.2%. The
pre-heat temperature of the substrate was set to 150°C
to reduce the temperature gradient during the LPBF
process. Before the LPBF process, the Magic24 software
(version 24.0) was configured with the SLM280 to design
the three-dimensional model of test samples, followed
by importing the experiment parameters into SLM280
for setup. Based on the preliminary experiments, the
experiment parameters for deposition were set at a laser
power of 300W, scanning speed of 900 mm/s, and a layer
rotation angle for scanning of 67°, as shown in Figure 1A.

The HIP treatment was conducted using the
HIPEX850 HIP machine manufactured by CISRI HIPEX
Technology CO., LTD. (China). The HIP machine utilized
nitrogen as the pressure-transmitting medium, ensuring
uniform pressure application on the component surface.
According to the melting temperature of Hastelloy X alloy
(1,295°C - 1,381°C), HIP treatments were performed at
1,100°C, 1,180°C, and 1,210°C, with a pressure of 160 MPa,
aholding time of three hours, and a ventilation cooling rate
of 4.5 K/min. The HIP specimens at 1,100°C, 1,180°C, and

Table 1. Chemical composition of Hastelloy X

1,210°C were labeled as HIP1100, HIP1180, and HIP1210,
respectively.

2.2. Material characterization

The test specimens were cut from the LPBF-manufactured
samples using wire electrical discharge machining, and
the cross-sections were mechanically polished to achieve a
smooth mirror finish. Aqua regia (hydrochloric acid: nitric
acid: 3:1) was used to etch the cross-sectional surfaces
of both the as-built and HIP specimens. The DSX510,
manufactured by Olympus Corporation (Japan), was
employed to observe the microstructural morphology and
defects. The ImageJ software (version 1.53) was used to
statistically analyze the rate of pores and carbides within
a certain area.

The Zeisss MERLIN Compact scanning electron
microscope (SEM; Germany) was used for high-
magnification  microstructure  observation.  Energy
dispersive spectroscopy integrated with the SEM was utilized
for chemical composition analysis of the microstructure.
After mechanical and electrolytic polishing to remove the
strain layer, electron backscattered diffraction (EBSD)
integrated with SEM was employed for microstructure
characterization of the specimens. The TSL Orientation
Imaging Microscopy analysis software (version 7.0) was
used for the subsequent analysis of EBSD data.

Thetransmission electron microscopy (TEM) specimens
were extracted from the central region of the as-built and
HIP specimens. They were mechanically thinned to 60 pm
using sandpaper, followed by ion milling. The ThemisZ
spherical aberration-corrected TEM (Tecnai G2 F30, US)
was used to analyze the substructure morphology and
element distribution within the specimens.

After the sample surfaces were polished, the hardness
of cross-sections of the as-built and HIP specimens

Element Nickel Ferum  Chromium  Molybdenum  Cobalt Carbon  Tungsten  Silicon  Aluminum  Titanium
Content (wt.%)  Balance 18.86 21.16 9.78 2.20 0.067 0.62 0.037 0.028 <0.01
A
Molten d=5
Building direction
@) o
Layer N 15 25
: Y Layer N-1 60
Z X S Unit: mm

Figure 1. Schematic of building specimens. (A) A schematic diagram of the scanning strategy by laser powder bed fusion. (B) The profile of the tensile test

specimen along the building direction.
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was measured using Qness Q10 hardness tester (Qness,
Austria), with a test load of 1 kg and a holding time of 10 s.
Eight points were sampled along the central line in the
building direction of each specimen. According to the GB/T
228.1-2010 standard, tensile tests at room temperature
were conducted using the UTM5105X electronic universal
material testing machine manufactured by SUNS (China).
The tensile speed was set at 0.5 mm/min before yielding
and 2.5 mm/min after yielding. The tensile test specimens
were obtained by wire electrical discharge machining, and
the dimensions of the tensile test specimens are shown in
Figure 1B. Before the tensile test, the surfaces were polished
to reduce the influence of surface roughness on the tensile
properties.

Based on the average actual service temperature of
hot-end components of aerospace engines manufacturing,
high-temperature tensile tests at 900°C were conducted
to investigate the effect of HIP temperature on high-
temperature mechanical properties according to the GB/T
37783-2019 standard. The tests were performed using the
SANS-CMT-52052 electronic universal testing machine
(MTS Systems Corporation, China), with a tensile speed of
0.5 mm/min before yielding and 1.5 mm/min after yielding.

3. Results and discussion
3.1. Microstructures

Figure 2 presents the X-Y cross-sectional optical
microscopy microstructural morphology of the as-built,
HIP1100, HIP1180, and HIP1210 Hastelloy X specimens.
The pores in the as-built specimen were observed at the
edge of the obvious laser scanning tracks, as depicted in
Figure 2A. However, the pores were effectively eliminated
after the HIP treatments, and the laser scanning tracks

(A) (8,)

(C)

completely disappeared at HIP1180 and HIP1210. The fine
and coarse equiaxed grains were distributed at the edge and
the center of the scanning tracks at HIP1100, respectively,
as shown in Figure 2B. An uneven distribution of grain size
was observed at HIP1180, as shown in Figure 2C. The finer
equiaxed grains were engulfed by larger ones at HIP1210,
resulting in a more uniform grain size distribution, as
depicted in Figure 2D.

Figure 3 shows the EBSD results of the as-built,
HIP1100, HIP1180, and HIP1210 specimens to investigate
the microstructural evolution after various HIP
treatments. The columnar grains in the as-built specimen
were characterized by a small aspect ratio, with a length
of 80 — 100 um, corresponding to the set laser scanning
spacing, as shown in Figure 3A . In addition, the grains
were observed with a maximum multiple of uniform
density (MUD) value of 6.4, as depicted in Figure 3A..
After the HIP1100 treatment, the columnar grains of
the as-built specimen transformed into equiaxed grains
without a specific grain orientation, accompanied by a MUD
value of 4.834, as shown in Figure 3B, and B,. At HIP1180
and HIP1210, the MUD values decreased to 2.915 and 3.487,
respectively, indicating that the texture in the as-built specimen
was almost eliminated, as depicted in Figure 3C, C,, D, and D,.
Therefore, it could be inferred that as the HIP temperature
increased, a random grain orientation was achieved and the
microstructure anisotropy was restrained.

Moreover, the angle distribution of the grain boundary
changed, as shown in Figure 3A,B,C, and D, Low-angle
grain boundaries were observed in the as-built specimen,
accounting for 51.5% (the ratio oflow-angle grain boundary
length to the total grain boundary length), as shown in
Figure 3A,. This indicated the presence of a large number

(D))

Figure 2. Optical microscopy microstructural morphology and local magnified region of (A, and A)) as built, (B, and B,) HIP1100, (C, and C,) HIP1180,
and (D, and D,) HIP1210 specimens. Scale bar: 50 um, magnification: (A -D,) x200; (A,-D,) x1,000.

Abbreviation: HIP: Hot isostatic pressing.
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of substructure boundaries, accompanied by high-density
dislocations. Numerous low-angle grain boundaries were
also observed at HIP1100, with the proportion decreasing
to 49.7%, suggesting that the substructures remained, as
shown in Figure 3B,. At HIP1180, the low-angle grain
boundaries almost disappeared with a proportion of
4.3%, as displayed in Figure 3C,. In addition, a large
number of annealing twins appeared and were measured
at approximately 31% (the ratio of twin boundary length
to the total grain boundary length), the low interface
energy of which was beneficial for alleviating the stress
concentration within the specimen. At HIP1210, the
low-angle grain boundaries were completely replaced by
the high-angle grain boundaries and twin boundaries, as
displayed in Figure 3D.,.

To intuitively characterize the grain recrystallization
under different HIP treatments, the EBSD data were

DA o ; 0

X \/{ v 3 111

Figure 3. Electron backscattered diffraction results of the as-built, HIP1100, HIP1180, and HIP1210 specimens. (A, B, C, and D)) Inverse pole figure
maps, (A,, B,, C,, and D,) grain boundary maps, and (A,, B,, C,, and D,) pole figure map. Scale bar: 100 m, magnification: x500.

Abbreviation: HIP: Hot isostatic pressing.

processed, and the kernel average misorientation map
was employed to mark the recrystallized grains by
setting a specific range for local strain, as shown in
Figure 4A, B, C, and D,. The as-built specimen showed
minimal recrystallization, while more recrystallization
occurred in the HIP specimens. At HIP1100, the incomplete
recrystallization of the Hastelloy X specimen was
observed, with recrystallized grains accounting for 43% of
the total. At HIP1180 and HIP1210, 98% and 100% of the
equiaxed grains underwent recrystallization, respectively,
indicating that the recrystallization process was almost
completed. The diagrams of grain size distribution were
statistically analyzed in Figure 4A, B, C, and D,. In
the as-built specimen, the grain size was below 60 pm,
with an average value of 16.4 um. At HIP1100, a large
number of microstructure characteristics in the as-built
specimen were retained with an average grain size of
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Figure 4. Kernel average misorientation map and the corresponding diagrams of grain size distribution. Results of (A, and A)) as built, (B, and B,)
HIP1100, (C, and C,) HIP1180, and (D, and D,) HIP1210 specimens. Scale bar: 100 um, magnification: x500.
Abbreviation: HIP: Hot isostatic pressing.

19.3 um. At HIP1180, the microstructure transitioned When the HIP temperature increased from 1,100°C to
into the stage of complete recrystallization, leading to an 1,210°C, the solubility of the solute element carbon in nickel
increase in the average grain size to 50.9 um. At HIP1210, within the Hastelloy X alloy decreased, contributing to
the average grain diameter developed to 78.6 um due to the enhanced precipitation of carbides. This resulted in an
grain engulfment. In summary, the grain recrystallization increase in the average carbide size. Moreover, during the
process was prompted as the HIP temperature increased, HIP treatments, the loose structure of the grain boundaries
accompanied by the microstructure transformation from served as a rapid diffusion pathway for solute elements,*
the fine columnar grains to coarse equiaxed grains. leading to a higher precipitation rate of carbides along grain

boundaries compared to within the grains. Consequently,
carbides segregating along the grain boundaries exhibited
larger sizes. At HIP1100, the distribution of dispersed
carbides within the grains and particle carbides at the
grain boundaries was attributed to the limited diffusion
capability of the solute elements. At HIP1180, both the
carbide re-dissolution within the grains and the carbide
accumulation along the grain boundaries were prompted
by the enhanced diffusion capability of the solute elements.
As the HIP temperature increased to 1,210°C, intragranular
carbides were completely re-dissolved, while extensive
diffusion of solute elements led to significant coarsening of
carbides along grain boundaries.

To investigate phase evolution within the grains and along
the grain boundaries, the SEM morphology of carbides in
HIP1100, HIP1180, and HIP1210 specimens was examined,
and the corresponding diagrams of carbide size distribution
are presented in Figure 5. In all HIP-treated specimens, white
precipitates were observed both intragranularly and along
grain boundaries. This can be attributed to the extended
holding time with the carbide precipitation temperature
range during the HIP soaking process, compared to the
as-built specimen, which promoted more extensive carbide
precipitation.* At HIP1100, carbides were distributed within
the grains and also appeared as discrete particles along the
grain boundaries, as depicted in Figure 5A -A,. In addition,

it was found that the carbide size predominantly ranged Different types and distribution patterns of carbides
from 0.05 um to 0.2 um with an average size of 0.279 um. contribute differently to the strengthening of mechanical
As the HIP temperature increased to 1,180°C, the carbides properties.’””* To further study the carbide characteristics
inside the grains partially dissolved, while carbides along following HIP treatments, the TEM morphology, selected
the grain boundaries distributed continuously with a chain- area electron diffraction map, and energy dispersive
like pattern, as shown in Figure 5B -B,. In addition, the spectroscopy map of carbides in the HIP1180 specimen
average size of carbides increased to 0.40 um. At HIP1210, are displayed in Figure 6. The chain-like carbides exhibited
the carbides within the grains completely disappeared, while dimensions exceeding 1 um in length and 60 nm in width,
those at the grain boundaries coarsened to envelop the as shown in Figure 6A and B. The carbides were identified as
entire grain, accompanied by an average size of 0.41 um, as M,C (rich in molybdenum) and M,,C, (rich in chromium),
shown in Figure 5C -C,. as shown in Figure 6C. An interspersed distribution of

Volume 1 Issue 2 (2025) 6 doi: 10.36922/ESAM025240015


https://dx.doi.org/10.36922/ESAM025240015

Engineering Science in

Additive ManUfaCturing HIP temperature effects on LPBF Hastelloy X

(A

Average size: 0.279 ym

Number of carbide
8

0018 008 01 02

04 0% 10 20 38

(B Carbide diameter (um)

Average size: 0.40 pym

L

0013 008 01 02 04 08 10 20 30

(c, Carbide diameter (um)

Number of carbide

8

~ 2

Average size: 0.41 pym

Number of carbide
$

0013 008 ©1 02 04 08 16 20 »30

Carbide diameter (um)

Figure 5. Carbide morphology and the corresponding diagrams of carbide size distribution. Results of (A -A,) HIP1100, (B,-B,) HIP1180, and
(C,-C,) HIP1210 specimens. Scale bars: (A -C ) 20 um; (A,-C,) 10 um; (A,-C,) 1 um, magnifications: (A,-C,) x2,000; (A,-C,) x5,000; (A,-C,) x30,000.
Abbreviation: HIP: Hot isostatic pressing.

Carbide

Figure 6. Transmission electron microscopic morphology of carbides in the HIP1180 specimen. (A and B) carbide morphology and local magnified
region, (C) selected area electron diffraction, and (D) energy dispersive spectroscopy mapping profile of carbides. Scale bars: (A) 500 nm; (B) 100 nmy;
(C) 5 nm; (D) 200 nm, magnifications: (A) x60,000; (B) x300,000; (C) x300,000; (D) x150,000.

Abbreviations: C: Carbon; Cr: Chromium; Mo: Molybdenum; Ni: Nickel; HIP: Hot isostatic pressing.

the carbides consisting of M,C and M,,C, was observed
along the grain boundaries, as depicted in Figure 6D.
This distribution pattern is attributed to the simultaneous
precipitation of both carbide types in various areas, followed
by preferential growth along grain boundaries.

3.2. Mechanical properties at room temperature

A comparison of the hardness of the as-built, HIP1100,
HIP1180, and HIP1210 specimens is shown in Figure 7A.
The as-built specimen exhibited the highest hardness
with a value of 268 HV, while the HIP1100, HIP1180,
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and HIP1210 specimens demonstrated hardness values
of 244.24 HV, 214.42 HV, and 211.44 HV, representing a
decline of 8.9%, 20.0%, and 21.1%, respectively. This could
be attributed to the progressed recrystallization process
with the elevated HIP temperature. The substructures
gradually vanished, accompanied by a reduction in the
number of low-angle grain boundaries, as depicted in
Figure 3. Therefore, the hindrance for substructures to
dislocation slip is reduced, leading to a decline in hardness.

Tensile tests of all specimens at room temperature were
conducted, and the results are presented in Figure 7B.
Compared to the as-built specimen, the tensile strength and
elongation of the HIP specimens improved, while the yield
strength decreased. The improvement of tensile strength
of HIP specimens was achieved due to the reduction of
porosity through the HIP treatment. In addition, as the
HIP temperature increased, the elongation gradually

A
300 -
268
I 24424
250 - T
- iE 214.42 2114
1
; 200 | I e
=
v
3
c 150 |-
B
©
T 100 |
50 -

As-built HIP1100 HIP1180 HIP1210

Strength(MPa)

improved, reaching a maximum value of 45% at HIP1210,
while the yield strength and tensile strength declined.
The HIP specimen, HIP1100, achieved the highest yield
strength of 569 MPa and the highest tensile strength of
774 MPa, which was associated with the synergistic effect
of the dislocation slip, grain size, and carbide distribution.
On one hand, dislocation slip was effectively hindered at
HIP1100 due to a higher proportion of low-angle grain
boundaries compared to HIP1180 and HIP1210. On
the other hand, the presence of fine grains and small,
dispersed particle carbides contributed to grain refinement
strengthening and dispersion strengthening, respectively.

Figure 8 presents the fracture surfaces of the as-built,
HIP1100, HIP1180, and HIP1210 tensile specimens
tested at room temperature. Cracks were observed on the
fracture surfaces of the HIP1180 and HIP1210 specimens.
This cracking is attributed to the precipitation and

1000 70

[ Yield strength

900 - [] Tensile strength

[ Elongation 4 60
800 1;:
707
700 | 296, s 1%
595 X
600 569 385 <
36 1140 S
500 |- 31 =
405 438 429 e S
400 | <
)
300 420 “
200
410
100
As-built HIP1100 HIP1180 HIP1210

Figure 7. Mechanical properties obtained at room temperature of as-built, HIP1100, HIP1180, and HIP1210 specimens. (A) Microhardness and (B) Yield

strength, tensile strength, and elongation.
Abbreviation: HIP: Hot isostatic pressing.

Figure 8. Fracture surfaces of Hastelloy X tensile specimens failed at room temperature. Results of (A and A)) as-built, (B, and B,) HIP1100,
(C, and C,) HIP1180, and (D, and D,) HIP 1210 specimens. Scale bars: (A,-D,) 100 pm; (A,-D,) 10 um, magnifications: (A -D,) x500; (A,-D,) x5,000.

Abbreviation: HIP: Hot isostatic pressing.

Volume 1 Issue 2 (2025)

doi: 10.36922/ESAM025240015


https://dx.doi.org/10.36922/ESAM025240015

Engineering Science in
Additive Manufacturing

HIP temperature effects on LPBF Hastelloy X

coarsening of carbides along the grain boundaries, which
eventually envelop the grains and increase the brittleness
of the grain boundaries, as shown in Figure 5. During
subsequent plastic deformation, the secondary cracks were
induced through crystal fractures.* Furthermore, higher
magnification images revealed numerous dimples in the
fracture surface of all specimens, proving that the tensile

300 50
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=
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Figure 9. The yield strength, tensile strength, and elongation obtained at
high temperatures for HIP1100, HIP1180, and HIP1210 specimens
Abbreviation: HIP: Hot isostatic pressing.

failure mode at room temperature was characteristic of
ductile fracture.

3.3. Mechanical properties at high temperature

To evaluate high-temperature mechanical properties, the
tensile results of HIP specimens at 900°C are presented in
Figure 9. As reported in recent studies,'*?"** HIP treatment
significantly improved the high-temperature mechanical
properties compared to the as-built condition. The yield
strength, tensile strength, and elongation obtained in the
high-temperature tensile test were lower than those at
room temperature. As HIP temperature increased, the
yield strength exhibited no significant changes, while the
elongation gradually increased, reaching a maximum
value of 29.0% at HIP1210. Interestingly, the trend for
tensile strength at high temperature differed from that
observed at room temperature. The tensile strength of the
specimen at HIP1210 reached 236 MPa, representing an
improvement of 9.8% and 6.3% compared to the HIP1100
and HIP1180 specimens, respectively.

The carbide morphology within the high-temperature
deformation region and the statistical diagrams of
carbide size distribution of HIP1100, HIP1180, and
HIP1210 specimens are displayed in Figure 10. After the
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Figure 10. The carbide morphology of the deformation region failed at high tensile temperature, and the corresponding diagrams of carbide size
distribution. Results of (A -A ) HIP1100, (B,-B,) HIP1180, and (C -C,) HIP1210 specimens. Scale bars: (A,-C,) 20 um; (A,-C,) 10 um; (A,-C,) 1 pm,

magnifications: (A -C,) x2,000; (A,-C,) x5,000; (A,-C,) x30,000.
Abbreviation: HIP: Hot isostatic pressing.
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high-temperature tensile test, cracks were observed in
areas enriched with carbides along the grain boundaries
of all specimens. The average carbide size of the
HIP1100 specimen increased from 0.279 um to 0.416 wm,
as shown in Figure 10A -A,. Moreover, the carbide
distribution along the grain boundaries transformed from
particle distribution to bulk distribution. However, the
average carbide size at both HIP1180 and HIP1210 showed
minimal changes compared to that of room temperature,
as shown in Figure 10B-B, and C-C,. Furthermore,
carbides were observed within the grains in the HIP1180
and HIP1210 specimens. However, the carbides at the
grain boundaries exhibited a chain-like distribution, with
a higher concentration on grain boundaries compared to
within the grains.

Figure 11 illustrates the microstructural morphology
and the local magnified region of the deformation region
failed at the 900°C tensile test of HIP specimens. Long
cracks penetrating the tensile specimen were observed in
the HIP1100 specimen, as shown in Figure 11A -A,. In
the HIP1180 specimen, the wedge cracks were confined
solely to a local region, as presented in Figure 11B -B.. In
comparison with the HIP1100 and HIP1180 specimens,
crack formation in the HIP1210 specimen was effectively
suppressed, with cracks appearing smaller, as depicted in
Figure 11C-C,. In addition, most cracks occurred and
propagated along the grain boundaries due to its brittleness.

Figure 12 illustrates the fracture surface of HIP tensile
specimens at high-temperature deformation. Part of the

characteristics of laser scanning morphology were retained
on the fracture surface at HIP1100, accompanied by obvious
cracks, as shown in Figure 12A and A,. The fracture surface
of HIP1180 exhibited a pronounced massive pattern
morphology, which corresponded to the brittleness of the
grain boundaries, as shown in Figure 12B, and B,. Compared
to the HIP1100 and HIP1180 specimens, this massive
feature was even more prominent in the HIP1210 specimen,
demonstrating a typical characteristic of intergranular
fracture, as presented in Figure 12C and C,.

Based on the above analysis, the high-temperature
fracture mechanisms of the HIP specimens are presented
in Figure 13. During the 900°C tensile test, carbides
continued to precipitate and coarsen in the HIP specimens.
Due to the enhanced diffusion capability of solute elements
in the high-temperature tensile test,”” these elements
exhibited a propensity to segregate into regions of high-
density dislocations and grain boundaries, promoting
carbide precipitation and coarsening in those areas.
Therefore, the growth rate of carbides was higher at the
grain boundaries than within the grains. Due to the short
duration of the high-temperature tensile test, variations in
carbide morphology among the different HIP specimens
were primarily governed by their morphology before
deformation. In the HIP1100 specimen, the presence of
numerous vacancies and the discontinuous distribution
of particle carbides along the grain boundaries before
deformation proved conducive to the carbides during the
tensile test, as shown in Figure 13A and A,. Consequently,

Figure 11. Microstructural morphology of the deformation region failed at high tensile temperature. Results of (A -A,) HIP1100, (B -B,) HIP1180, and
(C,-C,) HIP1210 specimens. Scale bars: (A1-C1) 1 mm; (A2-C2, A3-C3) 100 um, magnifications: (A -C ) x100; (A,-C,, A,-C,) x500.

Abbreviation: HIP: Hot isostatic pressing.
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Figure 12. The fracture surface of Hastelloy X tensile specimens failed at high temperatures. Results of (A, and A,) HIP1100, (B, and B,) HIP1180, and
(C, and C,) HIP1210 specimens. Scale bars: (A -D,) 100 um; (A,-D,) 20 um, magnifications: (A -D,) x500; (A,-D,) x2,500.

Abbreviation: HIP: Hot isostatic pressing.
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Figure 13. Schematic diagram of high-temperature fracture mechanism. (A and A,) HIP1100, (B, and B,) HIP1180, and (C, and C,) HIP1210 specimen.

Abbreviation: HIP: Hot isostatic pressing.

the carbides along the grain boundaries significantly
coarsened with uneven carbide size after the 900°C tensile
test, while the carbides within the grains remained finely
dispersed. In contrast, due to the continuous carbide
distribution along the grain boundaries before deformation,
the carbides in the HIP1180 and HIP1210 specimens
precipitated predominantly near the grain boundaries,
as shown in Figure 13B, B,, C,, and C,. Moreover, only a
small number of carbides were observed to be dispersed
within the grains.

In contrast to the strengthening effect during room
temperature tensile testing, the weakening of grain
boundaries occurred during the high temperature
tensile test, contributing to differing crack propagation
mechanisms in different HIP specimens. During the high-
temperature tensile deformation, dislocation pile-up at
grain boundaries was alleviated under the combined effect
of high temperature and tensile stress,* contributing to the
reduced strength of the grain boundaries. Therefore, grain
boundary sliding and migration became more likely, with
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pores preferentially forming in these weakened regions.*
In the HIP1100 specimen, hard carbides distributed
along the grain boundaries were characterized by lower
ductility compared to the matrix, contributing to the
desynchronized deformation between the carbides and
the matrix. Moreover, the large-sized carbides among
the discontinuous carbides distributed along the grain
boundaries induced localized stress concentrations,”
making these coarse carbides potential weak regions.
Subsequently, cracks were prone to initiate within the bulk
carbides and at grain triple junctions, propagating® and
forming intergranular fracture surfaces and secondary
cracks extending along the grain boundaries. In addition,
compared to the HIP1180 and HIP1210 specimens, the
small-sized grains at HIP1100 resulted in a reduction
in the number of grain boundaries, which further
exacerbated boundary weakening. This microstructural
condition corresponded to reduced tensile strength
and elongation, along with the formation of long cracks
penetrating the specimens. On the contrary, when the
HIP temperature increased to 1,180°C and 1,210°C, the
chain-like carbides along the grain boundaries enhanced
the strength of the grain boundaries, inhibiting stress
concentrations. Moreover, the number of grain boundaries
decreased, thereby limiting crack propagation? As a
result, the HIP1180 and HIP1210 specimens both achieved
improved tensile strength and elongation, attributed to the
synergistic effect of reduced number of grain boundaries
and chain-like distribution of carbides. These specimens
demonstrated fracture morphologies characterized by
wedge-shaped cracks and minor cracks, respectively.

4, Conclusion

The microstructure evolution and mechanical properties
of LPBF-manufactured Hastelloy X alloy following various
HIP treatments at both room and high temperatures were
investigated. When the HIP temperature increased from
1,100°C to 1,210°C, the recrystallization process gradually
progressed and achieved completion at 1,210°C. The
proportion of low-angle grain boundaries decreased from
49.7% at HIP1100 to 4.3% at HIP1180, and eventually to
0% at HIP1210. The carbides along the grain boundaries
transformed from particle distribution at HIP1100 to
chain-like distribution at HIP1180, and coarse chain-like
distribution at HIP1210.

After the HIP treatments, the yield strength decreased,
while the tensile strength and elongation increased
compared to the as-built specimen. As the HIP temperature
increased, the elongation of the HIP specimens gradually
improved, reaching a maximum value of 45% at HIP1210.
The tensile strength declined, achieving a value of
774 MPa at HIP1100 due to restrained dislocation slip,

grain refinement strengthening, and carbide dispersion
strengthening.

Compared to the pre-deformation condition, significant
carbide coarsening occurred along the grain boundaries in
the HIP1100 specimen during high-temperature tensile
testing, while minimal changes were observed for the
HIP1180 and HIP1210 specimens. As the HIP temperature
increased, the tensile strength and elongation both
improved due to the synergistic effect of reduced number
of grain boundaries and the chain-like distribution of
carbides, reaching a maximum tensile strength of 236 MPa
and elongation of 29.0% at HIP1210.

Under room temperature tensile testing, the fracture
surfaces exhibited typical ductile failure with numerous
dimples. In contrast, during high-temperature tensile
testing, the cracks primarily propagated along the grain
boundaries, with the HIP1210 specimen exhibiting a better
capacity for crack inhibition. Compared to the HIP1100
and HIP1180 specimens, the massive feature presented on
the fracture surface of HIP1210 was more pronounced,
demonstrating a typical characteristic of intergranular
fracture.
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