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Abstract

Inspired by the surrounding natural patterns, multi-material structures play a significant and
integral role in contemporary life because of their multi-functionality and tailored site-specific
properties for diverse service requirements. Although conventional manufacturing methods have
brought the primary concept of multi-materials into the engineering world, additive
manufacturing (AM) technology has overcome long-standing limitations and has significantly
flourished in its research and development. Its layer-wise mechanism provides a unique
opportunity to integrate highly flexible materials design and manufacturing of highly complex
geometries. Over the past decade, many attempts have been made to develop multi-material
additive manufacturing (MM-AM) as an innovative and reliable solution for critical materials.
Therefore, this review comprehensively covers and criticizes recent advances in processing
multi-material metallic components through direct AM technologies. By clarifying the
dimensions of the multi-material concept, different direct metal AM processes for
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multi-material fabrication are described in this context. Then, case studies on MM-AM are
classified based on AM technology and discussed, focusing on the most recent and notable
research. Furthermore, practical applications of MM-AM in various sectors, such as aerospace,
automotive, biomedical, and electronics, are addressed. Lastly, a perspective and a summary are
provided to offer insights into the current status and future directions of this field.

Keywords: multi-material, additive manufacturing, functionally graded materials,
powder bed fusion, directed energy deposition

Abbreviations

MM
AM
MM-AM
DED
PBF
CAD
FGMs
3D

2D

BJ
ADAM
L-PBF
EB-PBF
L-DED
EB-DED
WA-DED
IN718
SS316L
IN625
SS304L
CET
HTs

AB
TEM
AD

DIC
UTS
DAH
HF
XRD
FCC
BCC
EBSD
IMCs
IQ

IPF
KAM
RT
Q+T

Multi-material

Additive manufacturing
Multi-material additive manufacturing
Directed energy deposition

Powder bed fusion

Computer-aided design
Functionally graded materials
Three-dimensional
Two-dimensional

Binder jetting

Atomic diffusion additive manufacturing
Laser powder bed fusion

Electron beam powder bed fusion
Laser directed energy deposition
Electron beam directed energy deposition
Wire arc directed energy deposition
Inconel 718

Stainless steel 3161

Inconel 625

Stainless steel 3041

Columnar to equiaxed transition
Heat treatments

As-built

Transmission electron microscopy
As-deposited

Digital image correlation

Ultimate tensile strength

Direct age hardening

Hydrofluoric acid

X-ray diffraction

Face-centered cubic

Body-centered cubic

Electron backscatter diffraction
Intermetallic compounds

Image quality

Inverse pole figure

Kernel average misorientation
Room temperature

Quenched and tempered

PHT Post-heat treatment

LME Liquid metal embrittlement

LPS Liquid phase separation

EIS Electrochemical impedance spectroscopy
MS Maraging steel

XCT X-ray computed tomography
BD Building direction

FL Fully lamellar

NL Nearly lamellar

SEM Scanning electron microscopy
EPMA Electron probe microanalysis
HIP Hot isostatic pressing

ODS Oxide dispersion strengthened
NASA National Aeronautics and Space Administration
ESA European Space Agency

CTE Coefficient of thermal expansion
IR Infrared

CALPHAD Calculation of phase diagram
ML Machine learning

CBA Cost—benefit Analysis

SPD Selective powder deposition
TRL Technology readiness level

ROI Return on investment

1. Introduction

Multi-material (MM) components are composed of multiple
materials that are physically distributed within the part to
increase their functionality!'-2!. This approach integrates the
structures, properties, and functions associated with vari-
ous materials to achieve site-specific properties in a single
component[3*4]. Moreover, the MM concept can be defined
as an engineering response to the need for components with
superior performance under working conditions requiring
multiple properties. MM structures can offer end-users from
different sectors, such as aerospace, biomedical, automotive,
and moulding industries, innovative structures with improved
performancel®’. For instance, MM structures can be tailored to
provide high thermal resistance as well as acceptable mechan-
ical properties at low temperatures, as required in aerospace!®!.
Additionally, these structures can have applications in the
medical sector!”), particularly where orthopaedic implants
with stiffness comparable to that of human bones, as well as
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superior wear and corrosion resistance, are required'®!. It is
reported that metallic MM components with simple designs
can be conventionally produced through various methods,
such as powder metallurgy, rolling, welding, chemical vapour
deposition, and diffusion bonding!®-'°!. However, these con-
ventional methods cannot be employed to manufacture MM
structures with complex designs and geometries!®:!!1.

For this reason, advanced techniques such as addit-
ive manufacturing (AM) should be adopted to integrate
multiple materials and functionalities into a single com-
ponent with a complex design®!°l, AM is a rapidly
increasing manufacturing method described as the layer-wise
manufacturing of components based on the computer-aided
design (CAD) models, with its most prominent feature being
the ability to produce highly complex geometries! 2!, AM can
also be used to process a wide range of materials, including
ceramics, polymers, and metals''>~'4], In the case of metal-
lic materials, AM methods cover a wide variety of com-
positions, including alloys of aluminum!">~!71, steel!!8-201,
titanium?'=24!, zirconium!®!, zinc!?6-2%1, superalloys, and
their combination, increasing the flexibility of the method.
Additionally, non-metallics can be added to metallic powder
feedstock to produce metal matrix composites with specific
properties via AM techniques!?®3%], Numerous researchers
have attempted to further alleviate the limitations associated
with processing single material components to enhance the
capabilities of metal AM technologies in different indus-
trial sectors!*! =31, These research lines are motivated by the
need for products with desired functional properties in target
regions while maintaining conventional, cost-effective pro-
duction in other parts!’l. As a result, direct AM processes,
which deal with part production through a single-step AM pro-
cess, are utilized to physically deposit more than one type of
metallic material on the building platform or onto a targeted
area of a given component. This approach adds more com-
plexity and functionality to already developed components and
offers potential applications for the mentioned AM methods.

Compared with the previous literature, the current study
provides a targeted and comparative investigation of the util-
ization of L-PBF and DED for multi-material metallic addit-
ive manufacturing and functionally graded structures. While
Schneck et al. conducted an in-depth review of MM man-
ufacturing limited to PBF processes, focusing on powder
delivery mechanisms and process maturity levels, our review
broadens this scope by systematically comparing PBF and
DED approaches in terms of process flexibility, interface con-
trol, and industrial applicability!*®]. Verma et al. provided a
comprehensive and useful review of multiplicity in MM-AM,
covering various materials (polymers, metals, ceramics) and
hybrid AM processes; however, our work provides a deeper
and more technical synthesis of metallic multi-material AM,
emphasizing the unique process—structure—property relation-
ships relevant to PBF and DED!*’!. Furthermore, whereas
Zheng et al. presented a conceptual vision of MM-AM’s
future, emphasizing multi-functional architectures and design
opportunities, our review adds to this perspective by critically
assessing the current technological state, practical challenges,

failure mechanisms, and the relative readiness of PBF and
DED for industrial adoption!*%!,

This review addresses the challenges and opportunit-
ies arising from integrating multiple materials in additive
manufacturing, focusing on advancements in material sci-
ence, design considerations, and manufacturing processes.
Various forms of multi-material designs, such as function-
ally graded materials (FGMs), bimetal, layered, and crossed
lamellar structures, along with different material combinations
like metal-metal and ceramic—metal, are discussed in depth
(Section 4). Additionally, the current state of multi-material
processing in additive manufacturing and its potential impact
on various industries, including aerospace, automotive, elec-
tronics, and healthcare, are critically analyzed (Section 5).
This review also addresses the limitations and future research
directions in the field, shedding light on the path forward for
the development and widespread adoption of multi-material
additive manufacturing technologies (Section 6).

2. Multi-materials

The natural world highlights highly efficient designs and prin-
ciples that utilize specific combinations of materials and struc-
tures tailored for different purposes!**~#3]. Three-dimensional,
repeating microscale structures are common in nature, such
as in the cellular arrays found in living tissuel***1. These
structures can also be intentionally created in smart materials.
Conversely, human-created objects often have simpler designs
made from single materials and may not be fully customized
for specific applications owing to traditional design and manu-
facturing limitations!*!!. Moreover, there are multiple methods
for achieving exceptional and adjustable mechanical proper-
ties, such as replicating the intricate structures found in natural
materials. One approach involves creating micro-architected,
multi-material structures with a unique microstructure, incor-
porating two or more material phases, and drawing inspir-
ation from biological materials such as bone and nacre
(Figure 1(a))“°!. Another method emulates biological materi-
als through lattice materials, where the porosity distribution
is engineered to achieve superior mechanical properties'*’!.
In terms of compositions, multi-materials can be categor-
ized into various types, including metal—polymer compos-
ites, ceramic—polymer composites!*’~#°!, and metal —ceramic
composites>’~32], Research has been devoted to various multi-
material types with unique properties and applications based
on their composition and structure. These works include the
development of a platform designed to create MM struc-
tures for scaffolds and various other applications!*’!, the
construction of a NiTi multi-material cascade electrocaloric
cooling device (Figure 1(b))[>}!, the development of bioin-
spired functionally graded materials (FGMs) to investigate
continuous and hard—soft composites deformation and frac-
ture behaviours!>*!, and the fabrication of mechanically inter-
locked metal —organic microstructures (Figure 1(c))!>!. Other
studies have also investigated nature-inspired multi-material
fabrication concepts for applications such as 3D denture
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Figure 1. Examples of multi-material structures. (a) Hierarchical levels of bone showing a femur cross section compared with a bio-inspired
carbon and glass fibers and epoxy resin composite. Reproduced from*®). CC BY 4.0. (b) a multi-material regenerator consisting of 11

cascades of NiTi units with different phase transition temperatures. Reproduced from
and schematic illustration of 3D mechanically interlocked structures containing metallic Fe and PDMS components. Reproduced from

CCBY 4.0.

printing!*!), energy harvesting!>®-3%1, sensors>*-%%1 and light-
weight automotive parts!®!-621,

Integrating multiple materials within a single manufac-
turing process is promising. However, this advantage is fur-
ther pronounced when AM methods are employed to pro-
duce MM components. Consequently, the most profound
advantage of MM-AM lies in its ability to generate property-
specific regions within a single manufacturing operation.
This capability eliminates the need for multiple manufac-
turing steps, thereby improving the production process and
enhancing efficiency!?%:31. Therefore, the ability to tailor
material properties at specific locations within a part via AM
methods not only enhances the component performance but
also opens new possibilities for designing and applying com-
plex structures!®. To achieve this goal, however, MM-AM
strategically deposits different material components at specific
locations to develop intentionally heterogeneous structures,
unlike the conventional AM method, which mixes materi-
als to create homogeneous composites. Considering this crit-
ical requirement, ensuring compatibility and effective bond-
ing between these materials poses a significant challenge
during the MM-AM process and subsequent post-processing
steps. Additionally, optimizing material delivery and utiliza-
tion efficiency throughout the entire process remains a critical
issuel63-661,

1331 with permission from Springer Nature. and (c) SEM

[55]

3. Metal additive manufacturing

Metal AM, an emergent technology, has attracted substan-
tial attention across various sectors, notably the automot-
ive, aerospace, and biomedical industries!!3). In the broader
context, metal AM processes can be classified into direct
and indirect types. Direct AM produces a net-shaped com-
ponent directly from a CAD model. Notably, in this cat-
egory of AM technologies, both shaping and consolidation
are conducted in a single step to obtain the highest achievable
density in the as-built part. Conversely, indirect AM first fab-
ricates an intermediate part from the CAD model, necessitat-
ing additional processing steps such as sintering to obtain a
net-shaped final product. In these indirect AM processes, the
AM concept is employed solely to shape the complex part, fol-
lowed by a PHT for further consolidation and obtaining full
density!®71,

The two primary categories of direct AM are powder bed
fusion (PBF) and directed energy deposition (DED), which
involve the direct fusion of metal materials to create the final
component!%®]. PBF employs a high-energy laser or elec-
tron beam to selectively melt powder particles layer by layer
(Figures 2(a) and (b)), often resulting in precise details and
a superior surface finish!%®!. Conversely, DED uses focused
energy deposition to melt metal powder or wire, as it is
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Figure 2. Schematic of AM processes. (a) L-PBF process. Reproduced from'®!. CC BY 4.0. (b) EB-PBF machine. Reproduced from!®).
CC BY 4.0. (c) L-DED technology. Reproduced from!®!. CC BY 4.0. (d) binder jet process. Reproduced from!’®, with permission from

Springer Nature. and (e) atomic diffusion additive manufacturing process. Reprinted from

continuously added to a substrate (Figure 2(c))!®®]. These dir-
ect metal AM methods may be tailored to offer benefits in
terms of accuracy, surface quality, and a diverse range of
material choices!®®). They are particularly effective in pro-
ducing complex shapes and are well-suited for applications
requiring high precision and intricate features!®®!.

In contrast, indirect metal AM techniques such as binder
jetting (BJ) and atomic diffusion additive manufacturing
(ADAM) employ binding agents or polymer matrices to shape
the metallic component, which is subsequently consolidated
through a post-thermal treatment process. In BJ, as shown in
Figure 2(d), a liquid binder is selectively deposited onto the
metal powder bed to bind the metallic particles and shape
a component called the green part. The green component
subsequently undergoes post-processing procedures, such as
debinding to eliminate the binder and sintering to melt the
metal powder, thereby achieving densification!’?]. On the
other hand, ADAM involves fabricating components by utiliz-
ing metal powder bound within a polymer matrix, as depic-
ted in Figure 2(e). The subsequent debinding and sintering
stages facilitate atomic diffusion and densification of the metal
powder. These indirect approaches offer benefits in terms of
rapid production, reduced equipment expenses compared with
direct methods, and suitability for manufacturing large com-
ponents with intricate geometries!’?!.

Direct AM technologies present several notable advant-
ages over indirect methods in terms of printing multi-material
structures, particularly in terms of precision, integration, and
design flexibility. One of the most significant benefits is the
precision and control offered in the layer-by-layer deposition

11 with the permission of AIP Publishing.

of materials. Direct AM allows for the exact placement of dif-
ferent materials, enabling designers to create tailored prop-
erties for specific regions of a part. This capability facilit-
ates the development of components with graded properties—
such as varying stiffness and thermal conductivity—within a
single print. Such design freedom is invaluable in industries
like aerospace and biomedical engineering, where complex
geometries and integrated multi-material functionalities are
essential for optimizing performance and achieving innovat-
ive designs.

In addition to enhanced design capabilities, direct AM also
promotes resource efficiency and reduces material waste. By
building parts additively, this technology minimizes excess
material that often arises in subtractive manufacturing pro-
cesses. The ability to utilize only the necessary amount of
material for each layer not only conserves resources but also
lowers production costs. Furthermore, direct AM can accom-
modate a broader range of materials, including metals, ceram-
ics, and polymers, allowing for innovative combinations that
leverage the unique properties of each material. This versat-
ility is crucial for creating advanced multi-material structures
that can meet specific application requirements. Coupled with
faster prototyping and production times, direct AM enables
manufacturers to respond more rapidly to design changes and
market demands, making it a compelling choice for modern
manufacturing challenges.

Notably, there are variations in post-processing require-
ments between direct and indirect metal AM techniques!’3!.
Direct metal AM processes typically involve fewer post-
processing stages compared to indirect AM methods.



Int. J. Extrem. Manuf. 8 (2026) 042004

Multi-material processing of metallic components...
Ghanavati R et al.

Following the printing phase, direct metal AM components
may necessitate the removal of support structures and surface
refinement!!374. Conversely, indirect metal AM methods
often require additional post-thermal treatment processing
procedures, such as debinding and sintering. These post-
processing activities contribute to the overall processing
duration and may introduce additional equipment or facility
resources. While direct metal AM techniques can yield fully
dense components with exceptional mechanical properties,
indirect metal AM methods may exhibit marginally lower
density and mechanical attributes!’>!. Nevertheless, ongo-
ing advancements in post-processing methodologies have
enhanced the material characteristics of indirect metal AM
components, rendering them suitable for a diverse range of
applications.

In light of the central theme of this review regarding MM
processing, a comprehensive summary will be presented on
the prevalent use of direct metal AM methods for producing
such materials.

3.1 Directed energy deposition methods

DED is recognized as a highly suitable method for metal
MM-AM. The continuous delivery of material to the fusion
zone 1is typically facilitated through independently control-
lable feeding units, with wire and powder being the predom-
inant forms of feedstock. This capability allows for the adjust-
ment of material feedstock during the process, which is integ-
rated within a specific machine cycle!7°!.

Owing to the relatively rough surface characteristics of
DED deposits, considerable resources are currently being
allocated to machining processes to achieve the desired net
geometry and material properties specified by designers. It
is essential to address challenges such as residual stress in
intricate applications to produce functional components. The
advancement of DED platform technology is progressing rap-
idly, and the affordability of this technology is increasing as
the cost per kilowatt of lasers decreases with the entry of new
manufacturers into the market!””].

There are several variations of DED methods, including
L-DED (laser directed energy deposition), EB-DED (elec-
tron beam directed energy deposition), and WA-DED (wire
arc directed energy deposition)!’®!. L-DED involves the util-
ization of a high-powered laser to melt the feedstock mater-
ial, which is then solidified. In the L-DED process, the laser
beam is precisely focused through optics and guided by a scan-
ning system, enabling meticulous control over the deposition
process! 1. The laser beam melts the metallic powder at the
deposition location, generating a molten pool. Concurrently, a
powder nozzle introduces the feedstock material into the mol-
ten pool. The molten material solidifies, adhering to the sub-
strate or previous layers and shaping the intended compon-
ent. L-DED facilitates the production of large, nearly finished
parts and the restoration or addition of material to existing
components!®’). It provides versatility in working with vari-
ous material compositions, including metals, alloys, and even
composites!’8!. L-DED is applicable for tasks such as repair

work, cladding, and developing nearly finished parts for sec-
tors like aerospace, oil and gas, and tooling!®-811,

EB-DED is a manufacturing technique that utilizes an
electron beam as the primary energy source for deposit-
ing material. An electron gun produces the electron beam,
which is precisely regulated to selectively melt metallic
materials!®?!. The metal powder is melted by focusing the
electron beam on the workpiece surface. Simultaneously, the
starting material is introduced into the molten pool, typically
through a powder nozzle. EB-DED presents several advant-
ages, including deep penetration, high energy density, and the
ability to process metals with high melting points and refract-
ory compositions!’3:83!, This method is particularly suitable
for applications that necessitate precise management of heat
input and material characteristics, such as those found in the
aerospace, energy, and tooling sectors!34].

For the WA-DED process, a consumable metal wire elec-
trode establishes an electric arc with the workpiece. This arc
generates the necessary heat to melt the wire material, enabling
its deposition onto the substrate or preceding layers. The mol-
ten material from the melted wire is continuously fed into the
arc zone, ensuring the maintenance of a stable molten pool.
Upon cooling and solidification, the material forms the desired
component!®>], Compared with alternative DED techniques,
WA-DED is distinguished by higher deposition rates, mak-
ing it a preferred choice for applications requiring large-scale
deposition, such as the fabrication and repair of large com-
ponents in various industries like aerospace, automotive, and
marine engineering! %871,

In contrast to powder bed methods, this process imposes
notable limitations, and the resolution is constrained by the
standard track widths, which generally measure around 5—
10 mm. Although there may be deficiencies in resolution and
design flexibility, DED can achieve deposition rates of up to
1 000 cm?®-h~ 1881, This highlights the potential for significant
productivity advancements associated with these techniques in
the future.

3.2. Powder bed fusion methods

Similar to DED and fused deposition modeling, powder bed
techniques are not inherently conducive to multi-material
applications. Nevertheless, given that powder bed methods are
the most prevalent techniques utilized in industry, their integ-
ration of multi-material capabilities could yield substantial
advantages, particularly in terms of dimensional accuracy and
material variety. PBF provides high precision and controlled
layer thickness, enabling the production of intricate geomet-
ries with tight tolerances that are essential for industries such
as aerospace and medical devices. Additionally, it allows for
the integration of various metal powders in a single build,
offering flexibility in material choice and enabling the creation
of functionally graded materials that optimize performance.
There are two main types of PBF methods: L-PBF and EB-
PBF. In L-PBF, a high-power laser is utilized to selectively
scan and melt metal powder within a bed to produce the desired
components in a layer-wise manner. A scanning system, which
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often employs mirrors, directs the laser beam to follow pre-
determined paths outlined by a digital model of the object.
This process continues in a layer-by-layer manner until the
entire component is constructed. L-PBF technology provides
a high level of accuracy and the ability to manufacture intric-
ate shapes!®! with superior surface quality!®?. This method
enables the utilization of a range of metal materials, such
as stainless steel!®”-?!1, titanium alloys!®®!, copper alloys!*?!,
superalloys!®*!, aluminum alloys!®*!, and zinc alloys!®>!. It is
well documented that L-PBF technology is well-suited for cre-
ating functional prototypes, limited production runs, and final
metal components in high-tech sectors such as the aerospace,
medical, and automotive industries!?®].

On the other hand, EB-PBF is a manufacturing technique
that utilizes an electron beam, rather than a laser, to selectively
melt metal powder within a vacuum environment. The electron
beam, produced by an electron gun, is meticulously controlled
to scan and melt the powder bed, similar to the L-PBF process.
EB-PBF has several advantages, including high energy dens-
ity, minimal contamination due to the vacuum environment,
and the ability to work with refractory compositions!’!. This
method may also be suitable for producing components with
intricate geometries, such as turbine blades!*®*°!, orthopedic
implants' %1, and other high-performance applications!'*!/.

It is worth mentioning that there are several challenges
that must be addressed in the application of PBF methods for
metal MM-AM, such as powder spreading techniques, multi-
material process design, and powder cross-contamination!’’!,
Among these challenges, the most important obstacle to imple-
mentation is the necessity for advanced powder deposition
equipment that facilitates the deposition of multiple materi-
als. Traditional powder bed methods typically employ a blade
or roller to distribute a thin layer of powder over the build
area. Recent advancements have led to the development of
contactless designs that utilize gravity-assisted deposition for
powder spreading. However, the selective placement of vari-
ous powders across the build area necessitates an alternative
approach.

Additionally, the absence of established guidelines for the
design of multi-material processes presents another significant
barrier to implementation. A pivotal challenge in this domain
is the management of the material interface, often referred to
as the transition zone. In multi-material PBF, it is imperative to
adjust the parameters of the laser or electron beam not only in
accordance with the geometry and positioning of the part but
also in relation to the composition of the materials involved.
Factors such as the development of compositional gradients at
the interface, discrepancies in the coefficient of thermal expan-
sion (CTE) between materials, substantial variations in melt-
ing temperatures, and fluctuations in the Marangoni number
all significantly affect the parameters necessary for processing
the interface!”’].

Another obstacle to the successful implementation of multi-
material PBF is the issue of powder cross-contamination.
Regardless of the deposition technique employed, some
degree of cross-contamination is nearly unavoidable. It is
improbable that any apparatus designed for multi-material

powder deposition can achieve a state of zero cross-
contamination. Even minimal levels of cross-contamination
between different powders can lead to the formation of
undesirable phases, deterioration of mechanical properties, or
defects at the interfaces of the materials, all of which can com-
promise the integrity and performance of the final product.
Advancements in machine development, particularly in sensor
technology for the detection of residual particles and contam-
ination, may provide potential solutions to this challenge.

In summary, the selection between PBF and DED additive
manufacturing processes is typically influenced by dif-
ferent factors, such as material specifications, compon-
ent dimensions, deposition speeds, and economic factors.
Each technique offers distinct benefits and finds applic-
ation across diverse industrial sectors for particular AM
needs.

4. Additive manufacturing of multi-materials

4.1 Directed energy deposition of multi-materials

DED is highly desirable because of its ability to manufacture
large-scale components quickly and efficiently. Additionally,
it is possible to have several or combined powder-feeding sys-
tems, which makes them highly flexible in controlling desir-
able material combinations during the fabrication of MM with
complex compositional gradient design for original parts or
even the repair of worn parts. Hence, numerous studies on MM
regarding base material groups have been popularly imple-
mented via DED!!02-104],

The Fe—Ni family is one of the most extensively stud-
ied material groups in the literature!'%). It includes a wide
range of parent alloys, designs, processes, and studied aspects.
This group plays a crucial role in critical energy indus-
tries because it balances functional properties and cost-
effectiveness! %1971 In this regard, Kim et al.['%®! examined
L-DED-fabricated FGMs in 10 wt% steps ranging from pure
Inconel 718 (IN718) to pure stainless steel 316 L (SS316L)
and determined defective (cracked) compositional regions of
30 wt%—20 wt% SS316L, which deteriorate the mechanical
properties. The thermodynamic calculations for equilibrium
conditions in Figures 3(a) and (b) show phase fractions by
temperature for a defective composition of 20 wt% SS316L
and an overall compositional range of SS316L at 500—1 500
°C. The presence of Al,O3 and TiO, ceramic oxides, con-
firmed by transmission electron microscopy (TEM) resulting
from oxidation at those temperatures, led to the initiation of
defects, which then spread along the metal carbides and inter-
metallic compounds in that region. In addition, the columnar
to equiaxed transition (CET) occurs due to increased super-
cooling, which aggravates the formation of defects by redu-
cing the cohesion of the grain structure and concentrating
thermal stresses at the grain boundaries, resulting in reduced
structural integrity and loss of mechanical properties. The
authors demonstrated that the deliberate and strategic removal
of the defective region (Figure 3(c)) can lead to a reliable
FGM. Furthermore, the microstructural evolution of the FGM
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Table 1. Comparison of the room-temperature tensile properties of the SS316L/IN718 MMs fabricated via L-DED.

Design PHT condition UTS/MPa Elongation/% References
FGM (50 wt% mixed section AB 660 16 (1091
between the terminal alloys) 0.5 h solutionizing at 980 °C, 668 19.5

followed by 4 h aging at 720 °C

(HT1)

0.5 h solutionizing at 1 080 °C, 666 21

followed by 4 h aging at 720 °C

(HT2)
Bimetal (perpendicular interface to AB 668 + 16 26 4+ 10 L1101
the loading direction) 8 h at 720 °C followed by furnace 702+ 6 B+2

cooling + 8 h at 720 °C followed

by air cooling
Bimetal (parallel interface to the AB 793 +3 26+ 1
loading direction) 8 h at 720 °C followed by furnace 973 + 27 14405

cooling + 8 h at 720 °C followed

by air cooling
Bimetal AB 510 £ 15 485405 (sl
FGM (50 wt% mixed section AB 540 + 10 5242
between the terminal alloys)
FGM (25 wt% increment between AB 420 4+ 23 235+£3

the terminal alloys)

with only an intermediate mixed section between the ter-
minal alloys influenced by various heat treatments (HT1, HT2:
980 and 1 080 °C, respectively, with 0.5 h of solutioniz-
ing, followed by 4 h of aging at 720 °C) was studied by
Lu and Lil'®!. As shown in Figure 3(d), HTs lead to finer
equiaxed grains in the SS316L region caused by recrystal-
lization and thinner interdendrites in the mixed region due
to dissolution in the matrix compared to the as-built (AB)
state. In addition, the continuous Laves phase in the IN718
region of the AB specimen, whose continuity can exacer-
bate hot crack susceptibility and adversely affect mechanical
properties, is partially dissolved and transformed into a gran-
ular shape by HTs. As demonstrated via TEM, strengthen-
ing phases of the delta, gamma prime, and gamma double
prime were reprecipitated at the grain boundaries in this
region. This microstructural evolution over the FGM regions
resulted in improved tensile properties and wear resistance,
especially when the samples were solutionized at 1 080 °C
(HT2). Another study investigated the effect of the inter-
face orientation in the IN718/SS316L bimetal for as-deposited
(AD) and HT conditions on the tensile behaviour and frac-
ture mechanism!!'!%l. As the non-contact digital image cor-
relation (DIC) analysis using benchmarked tensile samples
and image acquisition by a high-frame camera in Figure 3(e)
shows, strains in the ZYX-oriented specimen with a perpen-
dicular interface to the loading direction were localized within
the SS316L region away from the interface until final frac-
ture, regardless of post-treatment conditions. This resulted
in a tensile behaviour similar to that of the weaker alloy,
i.e., SS316L. In contrast, deformation in the YZX-oriented

specimen remained uniform until the ultimate tensile strength
(UTS) and then began to localize within the IN718 region
by crack initiation and subsequently propagation through the
SS316L region to the final fracture. Hence, the YZX-oriented
specimen effectively benefits from the strengths of both alloys,
achieving significant tensile properties of (973 + 27) MPa
UTS and (14 £ 1)% elongation after heat treatment. The latter
result confirms the enhanced mechanical properties of the cor-
rectly designed FGM under PHT conditions (Table 1) due to
partial dissolution of the low-melting and brittle Laves phase
and instead the distribution of stable strengthening phases.

In addition to the SS316L/IN718 MM, other terminal
alloys in the Fe—Ni material group have attracted the atten-
tion of researchers. For example, Jeong et al.l!!!l studied a
novel ultrasonic-assisted WA-DED of SS308L/IN718 FGM
and found enhanced mechanical properties, such as the hard-
ness distribution in Figure 3(f), with ultrasonic treatment
offering equiaxed grains refinement and improved homogen-
eity. Elsewhere, the corrosion behaviour of SS316L/IN625
MM with direct and graded transition designs in a hydro-
fluoric acid (HF) environment was investigated. Regardless
of the design, the MM corrosion rate in the partial immer-
sion test was less than 1 mm-y~!. However, localized macro-
galvanic corrosion was observed at the interface of the dir-
ect design (Figure 3(g)), which was effectively eliminated in
the graded sample (Figure 3(h)) because of the reduced gal-
vanic effect resulting from the gradual increase in Nil!!2],
In another research, Nie et al.l''3! studied the relationship
between the microstructure and wear properties of SS316/NiTi
FGM ultra-thick coatings fabricated via L-DED. Compared
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Figure 3. Design—structure—property relationships for MMs made from Fe—Ni material group. (a) and (b) Equilibrium phase fractions by
temperature for the crack-prone composition and SS316L weight percent, respectively. (c) Macrograph demonstrating the cracked region
(20 wt% SS316L). Reprinted from! 1081, Copyright (2021), with permission from Elsevier. (d) Microstructure of different areas in the AB, HT1,
and HT2 specimens. Reprinted from!'%!, Copyright (2023), with permission from Elsevier. () Local strain distribution at the selected stages
(1-4) during tensile test respecting the interface orientation and post-treatment conditions!'' of $S316L/IN718 MM. Reprinted from!'!%],
Copyright (2024), with permission from Elsevier. (f) Hardness distribution of the SS308L/IN718 MM with and without ultrasonic treatment.
Reprinted from!'!!!, Copyright (2024), with permission from Elsevier. (g) and (h) 3D surface morphologies and height profiles of the HF-
attacked interface of the direct and graded transition of SS316L/IN625 MM. Reprinted from!''?!, Copyright (2024), with permission from
Elsevier. (i) Schematic of the wear mechanisms in the SS316 vs. SS316/NiTi MM cross-sections. Reprinted from!'!*!, Copyright (2023), with
permission from Elsevier.

with that of SS316, the wear resistance of the FGM struc-
ture increases when the contribution of NiTi increases, regard-
less of the friction speed. This occurs due to the super-
plasticity effect, the increased hardness resulting from solid-
solution strengthening, and the formation of Fe,Ti and Ni3Ti

intermetallic compounds. These factors lead to less oxidative
and abrasive wear, as illustrated in Figure 3(i).

Despite the high metallurgical incompatibility in the Fe—Ti
material group, several promising attempts have been made
regarding the design and fabrication of MM structures,
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Figure 4. Design—structure—property relationships for MMs made from Fe—Ti material group. (a) Structural design of the Ti6A14V/V/SS304L
MM and cracks location (determined in the regions containing SS304L) beside the sample cross-section and EBSD phase maps from areas
shown on it. Reprinted from!''>!, Copyright (2018), with permission from Elsevier. Ternary phase diagrams of the (b) and (c) Fe-Ti—V and (d)
Fe—Cr-V systems at 850 °C and EDS line analysis illustrating composition gradient paths for the Ti6A14V/V/SS17-4 PH MM respecting the
build direction. Reprinted from!!'®), Copyright (2022), with permission from Elsevier. (¢) Ternary feasibility diagrams based on equilibrium
and Scheil calculations representing the designable pathway, (f) XRD analysis of gradient regions, and (g) EBSD phase maps of NiCr/Cr
region in SS316/NiCr/Cr/V/Ti6Al4V MM. Reprinted from!!'”!, Copyright (2022), with permission from Elsevier.

particularly for their important applications in high-tech indus-  intermediate incorporation of V to avoid the formation of
tries such as aerospace. As illustrated in Figure 4(a), Bobbio Fe—Ti brittle phases in the direct joining of terminal alloys.
etal.l"!31 proposed a Ti6A14V/SS304L FGM structure through  However, the transition from 25/75 to 50/50 of the SS304L/V
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vol% ratios resulted in severe cracking due to the formation
of a o-FeV brittle phase, and the fabrication process was hal-
ted before reaching 100 vol% SS304L. Adomako et al.['!]
investigated the sequential deposition of V, then SS17-4 PH
on Ti6Al4V (VTi), and then Ti6Al4V on SS17-4 PH (VFe)
using different laser powers to determine their effects on the
deposition of the V interlayer. The VTi structure produced
by laser powers of 180 W and 210 W (VTil80 and VTi210)
was found to be crack-free throughout its length, whereas
several cracks were observed in VFel80 and VFe210 near
the interface of V/SS17-4 PH. Following the gradient paths
of VTi210 (solid circles) and VFe210 (hollow circles) on the
equilibrium ternary phase diagrams of Fe-Ti—V and Fe-Cr—V
in Figures 4(b)—(d), it is evident that the microstructure of
VTi210is mainly composed of a BCC solid solution. However,
the transition from Zone 6 to Zone 7 in VFe210 indicates the
presence of the brittle o phase, which is predicted to be caused
by a higher Fe incorporation in the V interlayer compared to
VTi210. The formation of the o phase was confirmed through
advanced microstructural analyses, identifying it as the cause
of cracking in the VFe structure. Therefore, the V interlayer
should be avoided in the Fe—V-Ti sequence, and the highest
tensile strength could be achieved by the VTi210 structure,
which has an exceptional value of 700 MPa.

In another study by Bobbio et al.l''”], equilibrium ther-
modynamic calculations and Scheil—Gulliver solidification
simulations were combined to create ternary feasibility dia-
grams (Figure 4(e)) for the informed design and fabrication of
an SS316/Ni-20Cr/Cr/V/Ti6Al4V FGM without detrimental
phases and risk of cracking. Figure 4(f) shows the X-ray dif-
fraction (XRD) analysis results obtained from the four gradi-
ent regions of the FGM. The transitions from the FCC single
phase (Region 1) to the FCC/BCC mixture phases (Region 2)
to the BCC single phase (Regions 3 and 4) experimentally
demonstrated the viability of the pathway designed through
feasibility diagrams without any deleterious phases. Moreover,
the electron backscatter diffraction (EBSD) phase maps in
Figure 4(g) from the five locations of Region 2 (CrNi/Cr),
which are consistent with the XRD observations, validated
the prediction of phase compositions within this region as the
transformation from FCC-rich to equiaxed BCC-rich struc-
tures caused by elemental segregation. It was also noted that
the zero solution areas were, in fact, the BCC Cr-rich particles.
This promising result demonstrates thermodynamic calcula-
tions (esp. considering non-equilibrium conditions) as a use-
ful and reliable method to feasibly design gradient paths
between incompatible terminal alloys without the risk of det-
rimental phases and cracking. Nevertheless, this method still
suffers from the limited thermodynamic database for multi-
component and new alloy systems, although it is progressing.

Moving forward to another material group, Ni—Ti MMs
are highly desirable for providing high tensile and fatigue
strengths, excellent corrosion and oxidation resistance, and
being lightweight in a single part, making them suitable for
aerospace and biomedical applications. For instance, Huang
et al.l'"®] examined Ti6AI4V/IN625 FGM manufactured by
controlling the filling ratio of base alloy wires and using a

pulsed alternating current in the WA-DED process. As the
microstructure of the gradient layers in Figure 5(a) shows, in
accordance with the increasing IN625 contribution according
to the numbered Ni elemental contents in the Ti—Ni phase
diagram in Figure 5(b), the Ti;Ni fraction phase increases
via eutectic and eutectoid reactions (compositions 1 and 2)
and further via pre-eutectic formation (compositions 3 and
4), whereas the o-Ti and (3-Ti phases decrease. Moreover,
the TiNi phase precipitates via the peritectic reaction in
composition 5, although it also exists in composition 4 due
to the non-equilibrium condition. It was reported that the hard-
ness, compressive strength, and wear resistance improved with
increasing TipNi content and the presence of TiNi in the top
layers, whereas the plasticity decreased.

Park et al.l''! employed V/Cr/Ni multi-interlayers to
develop a robust joint between Ti6Al4V and IN718, thereby
avoiding brittle intermetallic compounds (IMCs) and encour-
aging crack formation. Figures 5(c) and (d) show the fab-
ricated Ti6Al4V/V/Cr/Ni/IN718 MM and its corresponding
cross-sectional macrograph, respectively, indicating success-
ful crack-free bonding over the structure. The EBSD res-
ults in Figure 5(e), including the image quality (IQ), inverse
pole figure (IPF), phase map, and kernel average misorienta-
tion (KAM) figures from every individual interface, demon-
strated the ability of the developed pathway to form IMC-
free solid solutions between the terminal alloys. Furthermore,
the minimum misorientation of the grains in the deposited
regions, as indicated by the quantitative finite element ana-
lysis in Figure 5(f), suggests a moderate residual stress dis-
tribution throughout the MM. These structural features resul-
ted in a considerable tensile strength of 210 MPa in the as-
built state and 250 MPa in the stress-relieved state. Elsewhere,
a novel approach of follow-up ultrasonic-assisted L-DED
(Figure 5(g)) was used to regulate the morphology and distri-
bution of the Ti, Ni intermetallic phase in Ti6Al4V/IN718 MM
to improve mechanical properties. As depicted schematically
in Figure 5(h), the subsequent ultrasonic treatment refined and
fragmented the coarse, chain-like Ti;Ni intermetallic into a
granular form through cavitation effects. In addition, the inter-
metallic phase fraction decreased by alleviating nickel element
segregation and restricting the (3-Ti transformation to Ti;Ni
due to the acoustic streaming effect and increased cooling rate
caused by the promoted thermal convection, respectively. This
microstructure control improved the flexural strength from 805
MPa to 1 047 MPa with 1 200 W of ultrasonication!'?%1. As
a critical view of these summarized studies on Ni—Ti MM-
AM, it can be concluded that the formation of intermetallic
compounds in direct transition between the two terminals is
thermodynamically inevitable, and their high fractions lead to
structural brittleness and loss of tensile properties. Therefore,
modifying the transition path, i.e., using interlayers compat-
ible with terminal alloys or employing assisting techniques
to modify the microstructure and finely distribute the Ti—Ni
stoichiometric compounds, are practical solutions to realize
sound structures made of this material group.

Metal-ceramic MM encompasses a substantial group of
extreme environments. The processing of these materials by
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Figure 5. Design—structure—property relationships for MMs made from Ni-Ti material group. (a) The microstructure of gradient layers

and (b) corresponding Ni elemental contents schematically shown on the Ti—Ni phase diagram for Ti6Al4V/IN625 MM. Reprinted from

[118]
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Reprinted from!!2°!, Copyright (2022), with permission from Elsevie

DED is of great interest because of the wide variety of par-
ent materials, particularly in gradient designs. This serves
largely different properties while avoiding delamination,
cracking, and premature failure arising from thermal mismatch
stresses. As an inspiring work, Zhang and Bandyopadhyay!'?!!
developed a Ti6Al4V/Al,O3; FGM via laser-engineered net

T.

shaping (LENS ~ L-DED), as shown in Figure 6(a).
They reported some pores, unmelted ceramic particles, and
micro-cracks within the Ti6Al4V + Al,O; mixed section.
In contrast, the pure Al,O3 section was fully dense and
defect-free, with the highest average hardness of 2 365.5
HVy3. An optimal energy density (combination of laser
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power and scanning speed) and ceramic powder feed rate
could potentially result in complete fusion/dissolution/mix-
ing of the particles in the melt pool with minimal thermal
stresses and consequently eliminate those defects in the mixed
section. However, some issues may remain due to signi-
ficant inherent differences between parent materials, such
as highly different melting temperature ranges and thermal
expansion coefficients. In another work, researchers real-
ized a compositional gradient structure from 100% metal to
100% ceramic in SS304/VC FGM (Figure 6(b))!'??!. Despite
some porosities over the gradient layers and additional micro-
cracks in the 100% VC, the hardness distribution profile in
Figure 6(c) exhibits a gradual variation, indicating viable
interfacial strength and a low probability of delamination.
Additionally, the wear rate of the SS304 substrate decreased
by 95% in the pure VC outer layer against the abrasive water
jet. Moreover, it was reported that performing a laser pass
could improve both the hardness and wear resistance of the
FGM, owing to better densification and more homogeneous
VC dispersion.

The hypothesis that a gradient design could help reach
a higher ceramic content in the L-DED of metal-ceramic
MM was also demonstrated by Ostolaza et al.l'?3! for Stellite
6/WC FGM coatings on AISI HI3 tool steel by preventing
surface cracks during the process. Furthermore, a compar-
ison of the tribological behaviour at room temperature (RT)
and 400 °C via optical profilometry of the wear traces in
Figure 6(d) indicated that the quenched and tempered (Q + T)
AISI H13 had better RT wear performance owing to the higher
integrity of the hot-rolled condition. The samples coated with
Stellite 6, Stellite 6/WC mono-composition (5% WC MONO),
and Stellite 6/WC FGM (5% and 10% WC FGMs) exhibited
improved wear resistance, especially when the WC content
was increased to 10% (due to the FGM design) at 400 °C. This
shift was from abrasive wear at room temperature to an oxidat-
ive wear mechanism. Zhang et al.['?*] studied the microstruc-
ture evolution in L-DED fabrication of Ti6Al4V/TiC FGM
with up to 50 wt% TiC. The microstructural morphologies of
the FGM in Figure 6(e) demonstrated that the fraction and size
of the unmelted TiC particles gradually increased with increas-
ing incorporation of TiC. This increase is attributed to a reduc-
tion in TiC dissolution through diffusion in the carbon-rich
melt pool, leading to a decrease in the concentration gradient.
In addition, the chain-like and granular TiC phases formed by
the eutectic reaction were gradually substituted with the gran-
ular and dendritic primary TiC phases by increasing the car-
bon content in the melt pool, as determined schematically in
the phase diagram in Figure 6(f). A further increase in carbon
content due to TiC incorporation resulted in coarser second-
ary phases and finer equiaxed (3-Ti matrix phases caused by
higher constitutional supercooling, leading to a deterioration
in tensile properties. At the end of the current sub-section, the
studies on multi-material DED are classified in Table 2, along
with a summary of the features addressed.

An important factor often overlooked is the deposition
sequence, i.e., which material is deposited first, as it can
dramatically affect the interface microstructure and integrity.
Multiple studies on DED and PBF have demonstrated that

reversing the build sequence can lead to distinctly different
interfacial conditions due to changes in thermal history and
dilution! 82!, For example, Wang et al. compared two depos-
ition orders for an IN718/CuSn10 bimetal fabricated by L-
DED: when Inconel 718 was deposited first, followed by the
CuSn10 alloy, the interface exhibited excellent bonding with
minimal cracking, yielding an ultimate tensile strength (~566
MPa) between those of the constituent alloys. In this sequence,
only a small amount of Cu diffused into the IN718, avoiding
brittle Cu-rich phases and instead promoting equiaxed grain
formation at the interface (mitigating intergranular cracks).
In contrast, depositing CuSn10 first and IN718 on top led to
significant Cu penetration into the initial IN718 track, caus-
ing pronounced Cu segregation in the dendrites and a steep
compositional gradient. This made the IN718-rich interface
highly crack susceptible due to the large mismatch in thermal
conductivity/expansion, and extensive cracking was indeed
observed in this reverse sequence! 83!, These findings under-
score that the build order (e.g., “A on B” vs. “B on A”) alters
the solidification conditions and element diffusion at the junc-
tion, often determining whether a sound metallurgical bond
or defects, such as interfacial cracks and brittle phases, will
form. Similar trends have been reported in other material sys-
tems. lams et al. found that for a GRCop-42 (Cu—Cr—Nb alloy)
and Alloy 718 bimetal (DED-built), the precipitate morpho-
logy and phase composition in the copper alloy near the inter-
face varied significantly with deposition order. The deposition
of Alloy 718 first caused more Ni/Fe to mix into the Cu-alloy,
forming undesirable Laves (C14) and o-Cr phases, whereas
the reverse sequence (Cu-alloy first) resulted in the expec-
ted C15 Cr,Nb precipitates and a different microstructure! 841,
Similarly, Chang et al. reported in a WA-DED study that
an aluminum bronze-Inconel 718 bimetal exhibited hetero-
geneous interface behaviour, depending on whether the steel
or bronze was laid down first, further evidencing that the
deposition sequence must be optimized to avoid cracks and
brittle intermetallics!!®>1. In summary, the stacking order in
multi-material AM (both in DED and PBF contexts) critic-
ally influences dilution, residual stress distribution, and inter-
facial phase formation, and thus should be carefully chosen or
engineered (sometimes using intermediate transition layers) to
ensure robust bi-material joints! 831,

In addition to process parameters, several post-processing
and design strategies have been developed to improve the per-
formance of the multi-material interface. One approach is to
introduce mechanical interlocks or geometric features at the
interface to augment metallurgical bonding with mechanical
engagement. Instead of a simple planar interface, a deliber-
ately interlocked geometry can deflect or arrest cracks, thereby
increasing load transfer across the interface. For instance, Liu
et al. designed a hierarchical interlocking interface in a multi-
material LPBF build, which effectively deflected the fracture
path along the junction, resulting in improved toughnesst '8!,
Similarly, Squires et al. demonstrated a radial bimetallic WA-
DED configuration (308L stainless steel core inside a mild
steel shell) that inherently provides in situ mechanical inter-
locking throughout the build height. The concentric “cas-
ing” architecture, combined with a slight mismatch in thermal
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Figure 6. Design-structure—property relationships for various metal-ceramic MMs. (a) Schematic and cylindrical structure of
Ti6Al4V/Al,O3 MM. Reprinted from!'?!!, Copyright (2018), with permission from Elsevier. (b) Machined gradient cylinder and (c) hardness

profile with the cross-sectional microstructure of SS304/VC MM. Reprinted from

[122]

, Copyright (2018), with permission from Elsevier. (d)

Wear profilometry of AISI H13 Q + T, Stellite 6, and Stellite 6/WC MM specimens tested at different temperatures. Reproduced from!'23).
CC BY 4.0. (e) Microstructure of the graded compositions and (f) Ti—C phase diagram with schematic of microstructure evolution at high
and low contents of TiC in Ti6AI4V/TiC MM. Reprinted from!'>*, Copyright (2024), with permission from Elsevier.
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Table 2. Summarized features of selected studies on multi-material DED additive manufacturing.

Material groups  Parent materials Designs Processes® Reported defects Studied properties References
SS316L/IN718 Layered L-DED Porosity, lack of fusion, Tensile & fracture Melzer et al.['*!
unmelted particles toughness
FGM L-DED Porosity Hardness Ghanavati et a].[!26!
FGM L-DED Porosity, cracking, Hardness Kim et al.['%
oxidation
FGM L-DED (PHT) Porosity Hardness Li et al.l!?”]
FGM L-DED (PHT) None Hot corrosion Xu et al.l'?]
FGM L-DED (PHT) Porosity Wear & tensile Lu and Lil'®?
Bimetal L-DED (PHT) None Room and Li et al.[!0!
high-temperature tensile &
creep
SS316L/IN625 FGM L-DED None Hardness & tensile Tong et al.['*!
Crossed-lamellar L-DED Cracking Hardness & tensile Li et al.t13%!
Bimetal & FGM L-DED None Corrosion Zhang et al.l!'?]
SS304L/IN625 FGM L-DED (PHT) Cracking Hardness Fan et al.['*!]
SS904L/Hastelloy C-276 Bimetal WA-DED None Tensile & fatigue Rajesh Kannan et al.l!3?!
SS413/IN625 FGM L-DED (PHT) Cracking & oxidation Hardness Ferreira et al.['33]
SS316L/IN825 FGM WA-DED None Hardness & tensile Senthil et al.['**!
SS304L/Ni-20Cr FGM L-DED None Hardness & tensile Bobbio et al.!'*!
SS420/IN718 Mixed compositions L-DED None Hardness & tensile Aydogan et al !>
SS304/IN738LC Bimetal L-DED Crystal defects (e.g., misfit ~ Hardness & tensile Dang et al.['*"]
dislocation arrays, stacking
fault, etc.)
SS308L/IN625 FGM WA-DED Cracking Tensile Li et al.l!3¥]
SS308L/IN718 FGM Ultrasonic-assisted None Hardness & tensile Jeong et al.[!'!]
WA-DED
18Ni300 maraging FGM L-DED Porosity Hardness, wear, Zhang et al.! 139]
steel/IN625 compressive
SS316/NiTi FGM L-DED None Hardness & wear Nie et al.l!3!]

(Continued.)
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Table 2. (Continued.)

Material groups  Parent materials Designs Processes® Reported defects Studied properties References
Fe-Ti SS304L/V/Ti6Al4V FGM L-DED Cracking Hardness Bobbio et al.[!!%]
SS316/Fe/Cr/V/Ti6Al4V Interlayer L-DED Porosity Hardness Li et al.t!4]
$S316L/Ni20Cr/Cr/V/ FGM L-DED Porosity Hardness Bobbio et al.[''"]
Ti6Al4V
SS17-4 PH/V/Ti6Al4V Interlayer L-DED Porosity, incomplete Hardness & tensile Adomako et al.[1!6]
melting, cracking,
delamination, residual
stress
SS316L/Ti6Al4V FGM L-DED Porosity & cracking Hardness & tensile Xu et al.l'4!]
FGM L-DED None Hardness, wear, tensile Xu et al.l*?]
Fe-Cu SS316L/Nickel-aluminum Bimetal WA-DED Cracking Hardness Dharmendra et al.l!*!
bronze
S$S321/C11000 Cu alloy Layered EB-DED Heterogeneous distribution ~ Hardness, tensile, thermal Osipovich et al.['44!
of materials at the expansion coefficient
interfacial zones
SS316L/Cu Bimetal & interlayer L-DED Residual stress Hardness, tensile, thermal Zhang et al.l'*]
(IN718) conductivity, thermal
diffusivity
Bimetal WA-DED None Hardness, tensile, impact Tomar and Shival *¢!
H13 tool steel/Deloro Bimetal & interlayer L-DED Cracking Hardness, tensile, Thermal ~ Zhang et al.['*7]
22/Cu conductivity
Invar/MnCu FGM L-DED None Hardness & tensile Fan et al.['*%]
Fe-based SS316L/SS431 FGM L-DED None Hardness & corrosion Nie et al.l!%]
SS316L/C300 maraging FGM L-DED (PHT) None Hardness & tensile Ben-Artzy et al.l!>!
steel
SS316L/M300 maraging FGM L-DED None Hardness Oropeza et al.[>!]
steel
SS316L/low carbon steel FGM L-DED Porosity, keyhole, residual Hardness, tensile, Thermal Shin et al.['%?!
stress expansion coefficient
SS316L/ER70S-6 Bimetal WA-DED Oxidation Hardness & tensile Zhai et al.!">?!
SAF 2507 duplex Bimetal L-DED None Hardness, tensile, corrosion  Koukolikova et al. [’

steel/SS15-5 PH

(Continued.)
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Table 2. (Continued.)

Material groups  Parent materials Designs Processes® Reported defects Studied properties References
Ni-Ti IN625/Ti6Al4V FGM WA-DED None Hardness & compressive Han et al.t'>]
FGM WA-DED None Hardness, wear, Huang et al.[118]
Compressive
Ti6Al4V/Monel 400/IN718 Interlayer WA-DED None Hardness Mishra et a].[!%6!
IN718/Ni/Cr/V/Ti6 Al4V Interlayer L-DED (PHT) Porosity & unmelted Hardness & tensile Park et al.[!!%]
particles
IN718/Ti6Al4V Mixed composition Ultrasonic-assisted L-DED None Hardness & flexural Wu et al.[120!
Bimetal & interlayer L-DED Cracking & delamination Hardness Jeong et al.l'>7]
(Ti-Nb-Cr-V-Ni
HEA)
Ti6Al4V/NiTi FGM L-DED Cracking & delamination Hardness & tensile Li et al.tl!>®]
Ni-Cu IN718/GRCop-84 Cu alloy ~ Bimetal & FGM L-DED Porosity Hardness & thermal Onuike et al.['>%
diffusivity
IN718/CuSn10 bronze Bimetal L-DED Porosity & cracking Electrical resistivity, Grandhi et al.['®!
seebeck coefficient,
hardness, compressive
IN625/Cu FGM WA-DED None Hardness, tensile, corrosion Wang et alltol]
GH4169 Ni alloy/C18150 Bimetal WA-DED None Hardness & tensile Liu et al.[162]
Cu alloy
Ti-Al Ti6Al4V/AlSi10Mg FGM L-DED Cracking Hardness & tensile Liu et al.l1%!
Ti/Al FGM WA-DED None Hardness, tensile, oxidation Wang et all1o4]
Ti6AI4V/TiAl Bimetal & FGM L-DED Cracking Tensile Ma et al.t'®"]
Ti6A14V/AI2024 Bimetal L-DED Cracking & residual stress Hardness Zhang et al.t'®%]
Bimetal & L-DED Porosity & cracking Shear Zhang et al.!'¢7!
interweaving
Ti6AI4V/AI2219 FGM L-DED Unmelted particles & Coefficient of thermal Tonyali et al.[1®8

cracking

expansion

(Continued.)
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Table 2. (Continued.)

Material groups Parent materials Designs Processes® Reported defects Studied properties References
Metal-Ceramic  SS304/VC FGM L-DED Porosity & cracking Hardness & wear Gualtieri and Bandyopadhyay!'**
Ti6Al4V/ALL O3 FGM L-DED Porosity, unmelted Hardness Zhang and Bandyopadhyay!!*!]
particles, cracking,
delamination
Ti6Al4V/Ti-Si-C FGM L-DED Porosity Hardness & flexural Li et al.l'®]
NiCrAlY/Yttria-stabilized FGM L-DED Delamination Thermal conductivity, Savitha et al.['7"!
zirconia (YSZ) thermal expansion, thermal
cycling
Ti6Al4V/Zirconia- FGM L-DED None Hardness & wear Zheng et al.l!7!]
toughened alumina
(ZTA)
Ti6Al4V/TiC FGM L-DED Porosity Hardness & tensile Zhang et al.l'?%]
Al15356/TiC-B4C FGM Powder-fed WA-DED Porosity & particle Hardness, tensile, wear Sun et al.['7?]
aggregation
Al7075/Ti+B4C Homogeneous & L-DED None Hardness, flexural, wear Wang et al.l!7?!]
FGM
Stellite 6/WC FGM L-DED Cracking Hardness & room and Ostolaza et al.['?]
high-temperature wear
Others Ti6Al4V/Mo FGM L-DED Unmelted particles Hardness Schneider-Maunoury et al.['#]
Ti/Nb FGM L-DED Unmelted particles Hardness & tensile Schneider-Maunoury et al.['7%]
Ti/Cr FGM L-DED None Hardness Thomas et al.l!7]
IN718/Haynes 25 FGM L-DED None Hot corrosion Luo et al.['""]
IN718/René41 FGM L-DED (PHT) Residual stress None Huang et al.tl!78]
SS316L/Haynes 282 FGM L-DED Porosity & irregular layer ~ Hardness & tensile MacDonald et al.['”*?
thickness
SS316L/Tribaloy™ T800  Bimetal & FGM L-DED Cracking Hardness & wear Nandi et al.!'8%
SS316L/A14043 Bimetal WA-DED Porosity & cracking Hardness & tensile Karim et al.l!3!]

4 PHT: post-heat treatment.
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expansion between the two steels, introduced beneficial com-
pressive residual stresses at the interface, thereby enhancing
strength. Compared with monolithic parts, the as-built bimetal
showed a 33%-42% increase in compressive strength, con-
firming that biomimetic interfacial architecture can signific-
antly improve joint performancel'®”. Another technique to
strengthen dissimilar interfaces is the use of intermediate
layers or graded transitions. By adding a compatible inter-
layer material (or compositional gradient), the abrupt prop-
erty mismatch can be mitigated. For example, researchers have
successfully deposited a Ni-based intermediary alloy between
copper and steel in a DED process, creating a gradual trans-
ition that prevents crack-prone binary phases and yields sound
bonds. Wei et al. similarly bonded tungsten and copper by
inserting a stainless-steel interlayer via DED, avoiding direct
W—Cu contact (which tends to form brittle intermetallics)! 881,
Such functionally graded or interlayer approaches can reduce
thermal stress and inhibit the formation of harmful intermetal-
lic compounds at the bimetal interface.

In addition to geometric and material modifications, post-
process treatments such as laser shock peening (LSP) have
been adopted to enhance interfacial properties, particularly in
DED-fabricated components. LSP involves bombarding the
surface with high-energy laser pulses to induce plastic deform-
ation and compressive residual stresses in the near-surface
layer. When applied between deposited layers (interlayer
peening) or after build completion, LSP can relieve tensile
residual stresses and close interfacial defects, thereby enhan-
cing the fatigue performance and strength at the joint. Jing
et al. reported notable success in performing in situ interlayer
LSP during WA-DED of an Al-Cu alloy. In this research, each
layer was peened before depositing, which reduced internal
porosity by ~74% and decreased pore area by ~87% rel-
ative to those of the as-deposited samples. The LSP-treated
build also exhibited significantly better mechanical properties;
the ultimate tensile strength and yield strength increased by
~20%, and elongation increased by ~27%, indicating a simul-
taneous improvement in both strength and ductility!'%°1. These
gains were attributed to the high dislocation density and com-
pressive residual stress introduced by LSP, as well as local-
ized microstructural refinement (even some recrystallization)
at the layer interfaces. The compressive stresses counteract
the tensile thermal stresses from deposition, and the plastic
deformation “knits” the layers together more tightly, effect-
ively healing or arresting defects at the interface. As a res-
ult, the subsequent layers form tighter metallurgical bonds
around pore sites, leading to a more robust interface! '],
Although that study was on a single-alloy WA-DED, the same
LSP concept has been extended to dissimilar-metal builds,
e.g., Chang et al. applied laser shock peening at the inter-
face of a dissimilar aluminum alloy WA-DED joint, achiev-
ing improved tensile strength and fatigue life by inducing a
tailored stress state at the bimetal interfacel!°°!. Overall, laser
shock peening, shot peening, or other surface deformation
techniques offer a promising route to enhance multi-material
interfaces by imparting compressive stresses and refining the
microstructure, thereby improving crack resistance at the joint.

4.2. Powder bed fusion of multi-materials

Despite the established position of DED in the realm of MM-
AM, recently, increasing attention has been given to the poten-
tial capabilities of another AM method, i.e., PBF, for MM
processing. Although PBF is not commonly considered as
flexible as DED in terms of composition changes during the
process, its unique features, such as higher resolution, tight
dimensional tolerance, good surface finish, reduced material
waste and contamination, and better performance, have led
researchers to propose adaptive mechanisms enabling PBF
to handle multiple materials. However, MM fabrication via
PBF is still in its infancy and requires further research and
development concerning the adaptive mechanisms and mater-
ial groups to engage and extend!>-3:3%- 1911 Although electron
beam powder bed fusion (EB-PBF) holds significant potential
for multi-material additive manufacturing, its adoption lags
behind L-PBF for key technical reasons. The required high
vacuum complicates powder handling, in situ exchange, and
part removal while increasing the risk of cross-contamination.
This vacuum environment, along with complex beam con-
trol systems, makes EB-PBF machines more expensive and
limits practical multi-hopper designs. Powder spreading is
also more challenging with dissimilar materials because of
altered flow and electrostatic charging. In addition, metal-
lurgical challenges include vastly different beam—material
interactions across alloys, preventing rapid parameter tuning.
Vacuum can also cause volatile elements to evaporate, alter-
ing the local chemistry at material transitions. Finally, in situ
monitoring under vacuum is less mature than optical methods
in L-PBF, making defects at multi-material interfaces harder
to detect. These collective constraints in equipment, hand-
ling, metallurgy, and monitoring make EB-PBF less flexible
than the more established L-PBF workflows for multi-material
applications.

Among the material groups addressed so far, Fe—Cu
has the highest publication rate by the multi-material and
PBF keywords, which may arise from its vital application
in the power generation and conversion sectors, e.g., heat
exchangers, thanks to integrating the good mechanical prop-
erties of the Fe side and excellent thermal and electrical con-
ductivity of the Cu side in a single part. In this regard, Liu
et al.l"%?] studied different building strategies of a CuSn10
alloy (CuA)/SS316L MM, as illustrated by CS, SC-1, and
SC-2 schematics in Figure 7(a), using an L-PBF system
equipped with separate powder hoppers and an in situ powder
mixer (Figure 7(b)), in which powders volume ratios could be
adjusted by controlling the rotation speed of the mixer blade
and duration of powder flow. The macrostructure evaluation
of the fabricated structures in Figure 7(c) revealed that the
smooth gradient transition (SC-2) aggravated the interfacial
cracking observed in SC-1. This was caused by liquid metal
embrittlement induced by increased Cu penetration into the Fe
grains, resulting in delamination similar to SC-1. In contrast,
a wider diffusion zone and inhibited Cu-penetration cracks
due to the enhanced fluid flow in the melt pool could lead
to good metallurgical bonding with no delamination in the
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Figure 7. Process-structure-property in PBF of SS316L/CuSn10 MM. (a) Structural schematic and designation; (b) L-PBF system adapted to
handle multi-materials; (c) fabricated parts in (a) and corresponding interfacial defects. Reprinted from!'*?!, Copyright (2024), with permission
from Elsevier. (d) EIS results of the base alloys and their bimetal combination. Reprinted from!'**!, Copyright (2024), with permission from
Elsevier. (e) and (f) Tensile stress—strain curves of horizontal and vertical bimetals and fractured specimens, respectively; (g) and (h) flexural
stress—strain curves of bimetals regarding alloys position and failed specimens, respectively. Reprinted from!'**!, Copyright (2020), with

permission from Elsevier.

CS structure, although some interfacial cracks and porosities
could still be observed, which were induced by the large dif-
ference in thermo-physical properties of the parent alloys.
Chen et al.['®31 also confirmed the formation of liquid metal
embrittlement (LME) microcracks in the L-PBF fabrication of
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a CuSnl10/SS316L bimetal. They further found that exacer-
bated elemental segregation led to liquid phase separation
(LPS) and a sudden change in the grain size because the high
thermal conductivity of the Cu alloy aggravated the galvanic
corrosion at the interfacial zone of the CuSnl0/SS316L
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bimetal. The Tafel, Nyquist, and Bode curves in Figure 7(d)
from the electrochemical impedance spectroscopy (EIS)
altogether display the reduced corrosion resistance of the
CuSn10/SS316L bimetal compared to SS316L and close to
CuSn10. In another study, researchers investigated the tensile
and flexural behaviour of CuSn10/SS316L bimetal fabricated
by L-PBF, considering its interfacial characteristicst!**!. As
shown in Figure 7(e), the UTS and elongation of the hori-
zontally combined bimetals recorded higher values compared
to the vertically combined ones with the fracture location on
the weakest side, i.e., CuSnl10, as determined in Figure 7(f).
In contrast, the flexural strengths were similar regardless of
which alloy was positioned at the bottom (Figure 7(g)). No
macrocracks appeared along the interface of the failed bend-
ing specimens in Figure 7(h). Both mechanical behaviours
indicated good interfacial bonding owing to desirable mater-
ials intermixing by an effective flow in the melt pools and
refined grains by remelting and recrystallization.

Moreover, recent advancements in multi-material powder
bed fusion via L-PBF have enabled the fabrication of composi-
tionally heterogeneous metallic parts with voxel-wise material
distribution across all three spatial dimensions (X, y, z). This
capability represents a significant improvement in additive
manufacturing, allowing the creation of FGMs with tailored
local properties such as thermal conductivity, electrical con-
ductivity, and mechanical strength within a single compon-
ent. Novel systems, such as the selective powder deposition
(SPD) recoater, facilitate the deposition of multiple powders
in a single layer with a resolution as fine as 500 pm x 500 pm
per voxel! 1%, enabling intricate material patterns without the
need for assembly or joining processes.

Several material systems have been explored for voxel-
based multi-material L-PBF, with 316L stainless steel and
CuCrZr copper alloys being among the most prominently stud-
ied owing to their complementary properties: 316L offers high
strength and corrosion resistance, whereas CuCrZr provides
superior thermal and electrical conductivity!!*®l. Other com-
binations include 1.270 9 steel/CuCrZr, PA11/CuSn10!'%1,
and M300 maraging steel/CuCrZr!!°"], each presenting unique
interfacial characteristics and post-treatment responses. For
instance, Meyer et al. indicated that direct age hardening
(DAH) treatment at 500 °C for 1.5 hours increased the elec-
trical conductivity of PBF-LB/M CuCrZr from ~9.5 MS-m~!
t0 33-35 MS:m~! (~250% improvement) and nearly doubled
its hardness to ~180 HV ', Significant differences arise
depending on the build orientation: samples with 316L built
on CuCrZr showed a thermal contact resistance as low as
~5 x 107" m2.K-W~!, indicating nearly ideal thermal
bonding, whereas configurations with CuCrZr next to 316L
exhibited higher resistance and more defects!'*®.

The family of ferrous alloys holds a distinguished repu-
tation and plays an indispensable role in various industries
because of their diverse mechanical properties. As a result,
Fe-based MM structures are inevitable and have been highly
esteemed in the literature. For instance, Bai et al.['%® stud-
ied the AM of maraging steel (MS1) on top of an as-cast
CrMn steel, as shown in Figure 8(a), via the L-PBF pro-
cess. According to Figure 8(b), the CrMn/MS1 MM showed
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higher tensile strength than cast CrMn steel and greater
elongation than printed MS1. The final fracture occurred
within the CrMn steel side, far away from the interface.
The excellent mechanical performance of the hybrid MM
structure was derived from strong metallurgical bonding with
no defects, such as pores, inclusions, or cracks, as well as
effective materials mixing under Marangoni convection at
the interface zone. Errico et al.l'”! expanded the capability
of L-PBF to intralayer MM fabrication (i.e., two materials
in a single layer), employing an ad-hoc planar divider into
the powder platform to produce SS316L/18Ni (300) mar-
aging steel bimetals, as presented in Figure 8(c). The EBSD
characterizations from the interfacial region in Figure 8(d)
indicate that this novel approach could affordably lead to a
robust intralayer interface with an intermixing of the two-
phase matrices instead of a distinct line between the two
materials and no traces of porosity, cracks, or brittle inter-
metallic phases. This approach was further developed by
Guo et al.l'] to produce intralayer FGM, as illustrated
in Figure 8(k), featuring a powder hopper with a diagonal
partitioner.

Recent research has expanded the application of MM-
PBF beyond the primary Z-direction interfaces that were
previously documented. Griffis et al. demonstrated that the
build orientation and scan vector control in the LPBF of
904L/Bronze significantly affect the crack density and tensile
strength at horizontal joints, with optimized hatching resulting
in <0.2 mm~2 cracks and approximately 92% strength reten-
tion compared with those of bulk alloys!?’!1, Li et al. demon-
strated that a 40—60 pum laser-offset strategy enabled strong in-
plane bonding between Cu and Ni, achieving shear strengths
of up to 185 MPal?*?!, Guo et al. utilized an inclined dual-
hopper recoater to produce continuous in-plane Invar36/316L
FGM, resulting in less than 3% porosity throughout the lat-
eral gradients!'*”!. The advancements from 2024 to 2025 built
upon the previously discussed endeavors, demonstrating that
MM-AM now encompasses vertical, horizontal, and hybrid
interfaces, facilitated by auxiliary energy sources and adaptive
powder delivery, which enables precise control of the structure
and properties.

Elsewhere, an open-architecture L-PBF system util-
izing two powder reservoirs with vibratory dosing units
(Figure 8(e)) was employed to fabricate a multilayer
SS316L/440C steel MM, as drawn in Figure 8(f). The 3D
and cross-sectional 2D X-ray computed tomography (XCT)
images in Figure 8(g) reveal the band structure (316L-rich
in white and 440C-rich in blue) caused by their different
Ni contents and defect morphologies, which represent a
lack of fusion porosities, and numerous cracks mostly par-
allel to the building direction (BD), which were formed at
the 440C/316L transitional (diluted) regions and propagated
through the SS316L band, as specified by yellow rectangles.
The hot cracking mechanism was demonstrated by identifying
long-chain elemental segregations along the grain boundaries
in those regions. This is consistent with a higher susceptib-
ility to hot cracking within the 25 wt%-50 wt% 440C com-
position range. This range was predicted by mathematical
models of the total shrinkage strain during solidification and
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Figure 8. Process-structure-property in PBF of Fe-based MMs. (a) Schematic drawing of the scanning strategy and build-up MS1 on a CrMn
steel substrate and (b) tensile test results of as-cast CrMn steel, as-printed MS1, and CrMn/MS1 MM. Reprinted from!'*®!, Copyright (2021),
with permission from Elsevier. (c) Implemented design on the L-PBF system to fabricate intralayer MM with realized parts and (d) IPF and
phase maps from the interface of SS316L/18Ni (300) maraging steel MM. Reproduced from!"®!. CC BY 4.0. (e) and (f) Chamber view of
a customized MM L-PBF machine, and structure design; (g) and (h) XCT results revealing the band structure and internal defects; (i) and
(j) total strain and hot cracking susceptibility for different compositions of SS316L/440C steel MM. Reproduced from!?®’!. CC BY 4.0. (k)
Schematic of a newly developed L-PBF system providing printing intralayer continuous gradient MM. Reprinted from!'®*!, Copyright (2024),
with permission from Elsevier.
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Figure 9. Process-structure-property in PBF of Ti-based MMs. (a) Phase diagram of the Ti-xAl-3.8Nb—0.8Mo-0.1B alloy system illustrating
the dual microstructure concept using focused and defocused beams in EB-PBF process in addition to the SEM + EPMA results of the two
microstructures after heat treatment, (b) build orientation and scanning strategy of the dual cylinders, (c) SEM images of the as-built and heat-
treated dual microstructures in standing and laying orientations, and (d) creep test results of the dual and single microstructure specimens.
Reprinted from!?%, Copyright (2023), with permission from Elsevier. (e) Structural designs, (f) and (g) SEM images of the cross-section and
geometry of L-PBF fabricated NiTi/Ti6Al4V MM. Reprinted from!°>!, Copyright (2020), with permission from Elsevier.

AM technology (especially PBF) and the outstanding prop-

hot cracking susceptibility, as shown in Figures 8(i) and (j),
respectively!2?0].

Last but not least, Ti-based alloys are of great interest
for MM-AM owing to the design freedom provided by
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erties of this material group, including excellent specific
strength and high durability in harsh environments, which
make together an ideal opportunity for further development
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of high-performance, lightweight structures, particularly
those demanded in aerospace and biomedical applications.
Regarding aerospace applications, Knorlein et al.l203:204]
developed a groundbreaking FGM processing route by integ-
rating a dual microstructure and varying mechanical proper-
ties in a single part made of a 4th generation TiAl alloy via
the EB-PBF process followed by heat treatment. Considering
the experimental phase diagram of the Ti-xAl-3.8Nb—0.8Mo-
0.1B alloy system (Figure 9(a)), the concept was implemented
by adjusting the beam focus (energy density) in the melting
step, resulting in a change in the localized Al content through
evaporation during the EB-PBF process. Following heat treat-
ment at 1 260 °C for 1 h, the as-built microstructure with two
different Al contents transformed into fully lamellar (FL) and
nearly lamellar (NL + 7y) microstructures, as demonstrated
individually by scanning electron microscopy and electron
probe microanalysis (SEM + EPMA) in Figure 9(a). The
cylindrical dual microstructure specimens with two building
orientations (Figure 9(b)) were studied and compared with
single microstructure ones. SEM micrographs from the dual
microstructure interface in Figure 9(c) indicate no layering
effect, and a fine and uniform NL + vy microstructure with the
[30 phase (white areas) in the as-built state and a sharp trans-
ition from the FL microstructure in the Al-lean region to the
NL + v microstructure in the Al-rich region can be observed
in the heat-treated specimens, regardless of the building ori-
entation. However, the discrete interface did not negatively
affect the mechanical properties of the dual microstructure
specimens. As shown in Figure 9(d), their tensile and creep
properties under different test conditions (tensile tests at room
temperature and 750 °C; creep tests at 750 °C and stresses
of 150, 200, and 250 MPa) fell between the properties of
single microstructure specimens. Additionally, their failure
consistently occurred in the weaker microstructure (FL dur-
ing tensile loading and NL + <y during creep)!?**. Therefore,
this concept can effectively upgrade TiAl turbine blades with
high-strength root and creep-resistant airfoil sections. For bio-
medical applications, Bartolomeu et al..>*>! proposed a cellu-
lar design of the NiTi/Ti6Al4V MM (Figure 9(e)), aiming at
a multi-functional hip implant with customized stiffness, high
wear resistance, and controlled volume change. They adopted
a manual powder replacement strategy in the L-PBF process
to realize the designed structures, as displayed in Figure 9(g).
The interface assessment in Figure 9(f) revealed success-
ful and high-quality bonding between parent alloys, which
resulted in an average shear strength of 33 MPa, more than
NiTi and less than Ti6Al4V strengths (25 < 33 < 47 MPa).
However, further investigation is needed on post-heat treat-
ment to induce the martensite phase in the NiTi section and
enhance its shape-memory properties. At the end of this sub-
section, Table 3 summarizes various features of the studies
conducted on multi-material PBF additive manufacturing.

4.3. Critical comparison of the PBF and DED of MMs

4.3.1. Gradient resolution and interface quality. A primary
difference between PBF and DED in multi-material metal

24

printing is the gradient resolution attainable at material inter-
faces. PBF methods, such as L-PBF, utilize thin powder lay-
ers measuring tens of microns, facilitating remarkably abrupt
transitions between materials, frequently resulting in a dis-
tinct interface within one or two layers!!?!. The typical layer
thickness in PBF is 30-60 pum, resulting in interface widths
of approximately 50150 pum!(??*2*1 Compared with DED,
this method can yield a more refined interface between two
metals, indicating that compositional alteration occurs across a
minimal distance. Nonetheless, these abrupt interfaces in PBF
might be a double-edged sword; although they provide high-
resolution material patterning, they frequently experience sig-
nificant property mismatches and stress concentrations!?>°!,
Research on PBF-fabricated bimetals (e.g., Inconel 718 to
bronze) indicates that while a robust metallurgical connection
is achieved, the transition zone remains exceedingly small,
leading to potential cracking at the interface due to abrupt
variations in composition and properties!!*!. The interfacial
region within these PBF builds is generally comparable to the
layer thickness (tens of microns), exhibiting minimal diffusion
or mixing. This results in a high gradient resolution but also
increases the risk of brittle intermetallic phases or hot crack-
ing if the two materials lack inherent compatibility. In fact, the
majority of multi-material PBF experiments have directly bon-
ded two dissimilar metals with minimal or no compositional
grading, hence intensifying the interfacial thermal stresses!®!.

In contrast, DED techniques (laser/wire-fed deposition)
inherently produce a larger melt pool and facilitate a more
gradual integration of one material into another. L-DED
typically achieves deposition rates of 5-25 cm’-h~! with
melt-pool depths of 0.5-2 mm, whereas PBF is usually 2—
10 cm?-h~![251-254] " Conventional DED multi-material con-
structions produce FGM transitions by depositing successive
layers with steadily varying compositions instead of a sudden
interface!?>°1. This results in an extensive compositional trans-
ition zone, often ranging from hundreds of microns to milli-
meters, depending upon the deposition method employed. The
gradient thickness in L-DED is usually 0.5-2 mm, whereas it
is <0.15 mm for PBF!?>®]. The enlarged melt pool in DED
facilitates the mixing of the two materials, hence refining the
gradient at the interface. Consequently, the interface quality of
DED FGMs frequently exhibits superiority in terms of metal-
lurgical continuity, as abrupt property transitions may be mit-
igated by compositional tapering. In an L-DED deposit join-
ing stainless steel to Inconel, a deliberately graded intermedi-
ate layer created a seamless compositional transition (1-2 mm
thick) and eliminated the abrupt interface observed in a similar
PBF build "],

The trade-off is that DED exhibits a lower resolution of
compositional change, resulting in a transition that cannot be
confined as narrowly as in PBF. The deposited beads in DED
are relatively large, resulting in gradient increments that are
coarser than a single 50 um powder layer, even with incre-
mental adjustments to the feedstock. In practice, DED pro-
duces interfaces that are characterized by a “saw-shaped”
or interlocking configuration resulting from bead overlap.
The wavy interface geometry is advantageous because it
facilitates mechanical interlocking between materials, thereby
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Table 3. Summarized features of studies on multi-material PBF additive manufacturing.

Material groups Parent materials Designs Processes® Adaptive mechanisms Reported defects Studied properties Referencess
Fe-Cu SS316L/CuSnl10 bronze Bimetal L-PBF Two powder feeders Unmelted particles & Hardness, tensile, Chen et al.[?%0]
outside the building cracking flexural
chamber with powder
flow regulators
Bimetal L-PBF Not mentioned Porosity, unmelted Hardness, tensile, Chen et al.['?!
particles, cracking flexural
Bimetal L-PBF Two powder feeders Unmelted particles, Hardness, tensile, Chen et al.['%]
outside the building liquid phase corrosion
chamber with powder separation, liquid
flow regulators metal embrittlement,
cracking
FGM L-PBF Powder hoppers and Porosity, lack of Hardness & shear Liu et al.['%]
an in situ powder fusion, liquid phase
mixer featuring separation, liquid
rotating blades metal embrittlement,
cracking,
delamination
SS316L/CuCrZr Bimetal L-PBF Manual powder Unmelted particles & Hardness & tensile Mao et al.[?"]
replacement cracking
Bimetal L-PBF Printing CuCrZr Porosity & cracking Hardness & tensile Kuai et al.[2%8)
powder on SS316L
substrate
Bimetal L-PBF (HIP) A dual-material Porosity, unmelted Hardness Deillon et al.l?*
recoating unit with particles, cracking
two rotating drums
Bimetal L-PBF Consecutive printing Porosity & cracking None Martendal et al.'%!
and cleaning
SS316L/C18400 Cu Bimetal L-PBF Rotating powder Porosity, unmelted Hardness & tensile Liu et al.[?!]
alloy chambers and a particles, cracking
center separator in the
recoater
SS316L/C52400 Cu Layered L-PBF Manual powder Porosity, oxidation, Hardness Bai et al.[?!2]
alloy replacement cracking
C300 maraging steel Bimetal L-PBF Printing MS powder Porosity, lack of Tensile, flexural, Tan et al.2!3]
(MS)/T2 Cu alloy on Cu alloy substrate fusion, cracking fatigue
Invar36/Cul0Sn Mixed L-PBF An ultrasonic powder Porosity, lack of None Wei et al.[?14]
compositions dispensing array fusion, unmelted

particles, cracking

(Continued.)
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Table 3. (Continued.)

Material groups ~ Parent materials Designs Processes® Adaptive mechanisms  Reported defects Studied properties Referencess
Fe-Ni SS316L/IN718 Bimetal EB-PBF Printing SS316L Porosity, unmelted Hardness Hinojos et al.[?!*!

powder on IN718 particles, Cracking
substrate, and vice
versa

Layered L-PBF Manual powder Porosity, unmelted Hardness & tensile Mei et al.[2!¢]
replacement particles, cracking

Bimetal L-PBF Printing IN718 Keyhole porosity & Hardness Chen et al.?!7!
powder on SS316L cracking
substrate

Layered L-PBF A multiple powder Lack of fusion Hardness Yusuf et al.l2!¥]
dispensing and
cleaning system

FGM L-PBF (PHT)  In-process Porosity, lack of None Wits and Amsterdam!>!"!
alternating fusion, cracking
material layers using
a dual powder
recoater

Bimetal L-PBF Manual powder Lack of fusion & Hardness, tensile, Duval-Chaneac et al.[??"!
replacement cracking fatigue

FGM L-PBF (PHT) A custom None Hardness & tensile Wen et al.[??!]
blade-based gradient
powder recoater

Bimetal L-PBF A partitioning blade Cracking Hardness Errico et al.[??)
in the powder
chamber

Bimetal & FGM L-PBF Standard L-PBF Porosity Tensile Ghanavati et al.[*1-223]
system loaded with
inverse gradient
powder

SS316L/Hastelloy X Bimetal L-PBF Manual powder Porosity & inclusion Tensile, flexural, Rankouhi et al.??"]

replacement roughness

Bimetal L-PBF Manual powder Porosity, lack of Hardness & tensile Fan et al.['3!)
replacement fusion, unmelted

particles

(Continued.)

#0020 (9202) 8 "JNUe "wanx3 T |

‘e 1o Y ieAeueys

sjusauodwod oljjeraw Jo Buissesoid [eusrew-ini



le

Table 3. (Continued.)

Material groups Parent materials Designs Processes® Adaptive mechanisms Reported defects Studied properties Referencess
Fe-based SS316L/H13 tool Layered L-PBF An inlay for the shaft Porosity & oxidation Hardness & tensile Hengsbach et al.?>]
steel recoater alternating
inline material
dispensing
Maraging steel Bimetal L-PBF (PHT) Printing MS1 powder None Hardness & tensile Shakerin et al.[?¢!
(MS1)/H13 tool steel on H13 substrate
Maraging steel Bimetal L-PBF Printing MS1 powder None Hardness & tensile Bai et al.l!%%!
(MS1)/CrMn steel on CrMn steel
substrate
Fe-based SS316L/Fe35Mn FGM L-PBF A double hopper and Porosity & lack of Hardness & tensile Demir et al.!??]
steel a mixing chamber Fusion
SS316L/18Ni (300) Bimetal L-PBF A planar divider into None Tensile Errico et al.[')
maraging steel the powder chamber
SS316L/SS17-4 PH Bimetal lattice L-PBF (PHT) A partitioning system  Porosity, lack of Compressive & McDonnell et al.??%]
within the powder fusion, oxidation, tensile
supply surface roughness
Invar36/SS316L FGM L-PBF A powder hopper Porosity Hardness, tensile, Guo et al.['*”)
with a partition along thermal expansion,
its longer diagonal corrosion
serving individual
spaces for filling
powders
SS316L/440C steel Layered L-PBF Separate powder Lack of fusion & Hardness Pan et al.[?%)
hoppers with two cracking

vibratory dosing units
and a mixer

(Continued.)
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Table 3. (Continued.)

Material groups  Parent materials Designs Processes® Adaptive mechanisms  Reported defects Studied properties Referencess
Ti-based Ti6Al4V/TiB, Bimetal L-PBF An automatic system  Porosity & cracking Thermal behaviour Chen et al.[?*!
for powder delivery
(no more details)
NiTi/Ti6Al4V Bimetal L-PBF Manual powder None Hardness & shear Bartolomeu et al.%]
replacement
Ti6Al4V/Ti2AINb Bimetal L-PBF (PHT/HIP) Manual powder Cracking Hardness & tensile Polozov et al.1?*"]
replacement
Ti-xAl-3.8Nb-0.8Mo-  Bimetal EB-PBF (PHT) Controlling localized  Porosity & Hardness, tensile, Knérlein et al.[2%4!
0.1B aluminum misconnection creep
(TiAly) evaporation
TiAl/Ti6Al4V Layered L-PBF Two containers Porosity & cracking Tensile Shi et al.[?3!]
mounted on the build
chamber to supply
powders separately
(X)-Al C18400 Cu Bimetal L-PBF A hopper and a Porosity, unmelted Hardness, tensile, Sing et al.[?*%]
alloy/AlSi10Mg powder separator in particles, cracking flexural
the recoater
Fe/Al-12Si FGM L-PBF A double-hopper and  Porosity, lack of Hardness Demir and Previtalit?**!
a mixing chamber fusion, cracking
Ti6Al4V/AISilOMg  Bimetal L-PBF Manual powder Porosity, lack of Tensile Wu et al.!234!
replacement fusion, cracking
Ti/Al6061 FGM L-PBF Two powder feeders Balling, unmelted Hardness & tensile Daram et al.[2%!
and a mixing particles, lack of
container fusion, cracking
SS316L/A1Si10Mg Bimetal L-PBF Rotating chambers in ~ Lack of fusion, Hardness & tensile Miao et al.!?3¢]
the multiple powder keyhole porosity,
deliverer cracking
X)-W SS316L/W Bimetal L-PBF (PHT) Not mentioned Porosity, unmelted Hardness & tensile Zhou et al.!*7]
particles, cracking
CuSn10 bronze/W Bimetal, FGM, L-PBF An ultrasonic-assisted Porosity, unmelted Hardness Wei et al.['38]
interlayer multi-material particles, cracking,
(SS316L) powder deposition delamination
device
Ti6Al4V/W Bimetal L-PBF Manual powder Porosity, unmelted Hardness, Wu et al.[?3®]
replacement particles, cracking compressive, flexural
ODS-SS316L/W Bimetal L-PBF Manual powder Porosity, unmelted Nanoindentation & Xie et al.l?3]
replacement particles, cracking tensile

(Continued.)
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Table 3. (Continued.)

Material groups Parent materials Designs Processes® Adaptive mechanisms Reported defects Studied properties Referencess
Others Ti/Hydroxyapatite FGM L-PBF Not mentioned Porosity & cracking Hardness, Han et al.?*"]
(HA) compressive, fracture
toughness
Cul0Sn bronze/ FGM L-PBF A powder-mixing and Porosity & cracking Hardness, tensile, Zhang et al.!?#!!
Soda-lime glass vibrant feeding shear
system
Mo/TiC FGM EB-PBF Secondary material Porosity None Rock et al.[24%]
(Mo + TiC) feeding
in a custom-built
chamber
SS316L/Cu Interlayer L-PBF Manual powder Porosity, cracking, Hardness & tensile Tey et a2+
alloy/Ti6Al4V replacement delamination
SS316L/NiTi Bimetal L-PBF Printing NiTi powder Surface porosity and None Ekoi et al.?*]
on SS316L substrate roughness, cracking
SS316L/Ti Mixed L-PBF Pre-mixed powder Porosity Nanoindentation & Xu et al.[?#%]
composition feedstock tensile
Ti6Al4V/IN718 FGM L-PBF Double hopper and a Lack of fusion & Hardness Scaramuccia et al.[246!
mixing chamber cracking
Ti6Al4V/Cul0Sn Bimetal & FGM L-PBF An ultrasonic-assisted Porosity, unmelted Hardness & shear Wei et al.[>7)
bronze multiple powder particles, cracking,
dispensing function delamination
Ni/Ti FGM L-PBF Two powder hoppers Cracking Hardness Daram et al.[>%]

and a mixing
container

2 PHT: post-heat treatment, HIP: hot isostatic pressing.
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improving the interfacial strength!?*8!, Studies indicate that the
interfacial macro-profile of DED, characterized by a comb-
like morphology with layers of one material extending into
another, enhances the shear strength at the bond by effect-
ively interlocking the two materials!?>!. Consequently, PBF
provides a distinct, flat interface, whereas DED results in a
non-uniform yet stronger metallurgical bond due to mixing
and interlocking of the materials.

The differences in microstructure between rapid
solidification in PBF and slower cooling in DED have a sig-
nificant impact on interface quality. The typical cooling rates
are 10°-10° K-s~! for PBE, 10°-10* K-s~! for L-DED, and
~10% K-s~! for WA-DEDI?%0-2621_ The high cooling rates of
PBF (10°-10° K-s~!) result in very fine microstructures at the
interface, frequently exhibiting fine cellular or dendritic struc-
tures and occasionally leading to the formation of metastable
phases!?®}!. DED, characterized by a larger melt pool (typ-
ically 0.5-3 mm wide), generally produces coarser grains—
often columnar with widths of 50-200 pm and lengths up to
0.5-1 mm—growing through successive layers. In contrast,
the finer melt pools of PBF (~80-150 um) yield equiaxed
or cellular grains that were usually <10 um!?6+:2651 Tn multi-
material structures, this variation can be significant. In a hybrid
deposition study, an L-DED functionally graded material zone
displayed fine equiaxed dendrites at the interface. In contrast,
a slower WA-DED region showed coarse columnar grains
extending from the interface!?>7].

By extension, a PBF-built interface would be expected to
have an even finer microstructure than L-DED, potentially
enhancing hardness and strength locally. However, the fine
microstructure of PBF is accompanied by increased resid-
ual stresses (due to rapid cooling) and often the formation of
brittle intermetallic compounds at a sharp interface, which can
reduce the overall interface toughness. The DED mixed inter-
face may dilute such intermetallics but can also create a wider
heat-affected zone where microstructural coarsening or sec-
ondary phase formation (e.g., eutectic mixtures) occurst!%*l,
The porosity levels are often <0.05% for optimized L-PBF
builds, whereas well-controlled DED shows 0.2%-0.8% and
WA-DED may exceed 1% if the shielding or feedstock quality
is poor!266:2671,

However, numerous studies have revealed that DED creates
coarser as-built surfaces than PBF due to its bigger melt pool
and thicker deposited tracks. L-DED and WA-DED typically
have roughness of Ra ~ 20-50 pm (and up to 200 pm for WA-
DED), whereas optimized L-PBF typically achieves Ra ~ 5—
15 pm, with some reports as low as ~3-6 pum after para-
meter tuning. DED’s rougher topography frequently requires
machining, grinding, or polishing to achieve functional sur-
faces or fatigue-critical finishes, whereas PBF parts can often
meet moderate surface requirements directly, requiring only
light blasting or chemical smoothing. Dimensional precision
is another advantage of PBF!2%8],

It is worth noting that L-PBF maintains tolerances of
£0.05-0.15 mm for medium-sized components, with minimal
feature sizes of ~0.1-0.2 mm. The DED precision is limited to
£0.25-0.5 mm for L-DED and £1 mm for WA-DED, depend-
ing on the part size and thermal distortion!?®*-?’%_ Even with
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process monitoring and path optimisation, DED cannot match
PBF’s fine detail or repeatability without substantial finish
machining. This gap is particularly significant for thin-wall or
lattice portions in multi-material structures, where geometric
accuracy is crucial?’!,

4.3.2. Material compatibility and residual stresses in dissim-
ilar metals. The rapid melting and solidification of PBF,
as well as its lack of in situ compositional blending, make it
relatively less forgiving when working with highly dissimilar
metals. In multi-material PBF builds, cracking at the interface
is common when joining materials with mismatched thermal
properties. For example, joining a high-temperature nickel
superalloy to a copper alloy by PBF led to cracks propagating
in the steel side of the interface, which was attributed to the
high residual tensile stress in the rapidly cooled steel and the
segregation of elements at the sharp interface. Indeed, analyses
of L-PBF bimetallic samples (316L stainless steel to CuSn10
bronze, Inconel 718 to Cu alloy, etc.) have reported that cracks
inevitably appear at abrupt interfaces owing to the significant
differences in the thermophysical properties (thermal expan-
sion and thermal conductivity) of the two alloys!'*4).

Recent studies on multi-material L-PBF have explored
strategies to mitigate interfacial defects in dissimilar metal
combinations. Fan et al. demonstrated that rapid cooling in
L-PBF reduced element segregation, resulting in crack-free
interfaces between 316L steel and Hastelloy X3!, Liu et al.
introduced a composition gradient at the interface between
CuSnl10 and 316L steel, which improved bonding by min-
imizing the stress concentration!'®?!. Mao et al. used finite
element modeling and reported that higher scanning speeds
led to increased residual stress at the CuCrZr/316L interfaces,
causing cracks!?’?l. Liu et al. compared different building
strategies for CuSn10/316L structures and reported that print-
ing 316L on CuSnl0 resulted in a wider diffusion zone and
better bonding than the reverse order!?’?!.

DED, in contrast, offers a greater number of strategies for
managing incompatibilities. It is possible to deposit trans-
ition layers or compositionally graded interlayers specific-
ally to ameliorate metallurgical incompatibility due to its
capacity to modify feedstock composition on the fly. For
instance, a DED process can initially deposit a thin layer
of an intermediate alloy to act as a compatible bridge if
the direct deposit of material A on material B would result
in the formation of brittle intermetallics!’®. This methodo-
logy has demonstrated profound enhancements in the qual-
ity of dissimilar metal joints in experimental studies. By
incorporating a functionally graded Fe-Ni buffer layer into
the steel-Inconel DED construct, the tensile strength of the
bimetal was enhanced by more than 50% in comparison to
that of an acute interface without grading!'**!. Another study
utilized laser deposition and wire-arc AM to join stainless
steel 304L to Inconel 625, utilizing a graded layer that was
deposited via DED. The resulting bimetallic structure was
robust and withstood tensile loading, with a strength that was
approximately 8% greater than that of a control sample that
lacked a graded layer!®’]. Figure 10 clearly illustrates this
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Figure 10. Comparison of tensile behaviour and fracture locations

in DED-fabricated Inconel 718-316L stainless steel joints with and

without a functionally graded Fe—Ni buffer layer. Reprinted from!?’#!,

Copyright (2022), with permission from Elsevier.

improvement. The stress—strain curves show that the non-
graded interface failed prematurely at the joint, whereas both
graded samples (with 10- and 25-layer transitions) exhib-
ited significantly higher tensile strength and delayed fracture.
The corresponding fracture locations indicate improved load
distribution and enhanced interface toughness in the graded
configurations.

L-DED provides significant compositional flexibility for
graded interface design, whereas L-PBF facilitates interlayer
and gradient transition strategies. Demir et al. demonstrated a
smooth gradient structure in L-PBF by progressively altering
the steel-Mn content in an AISI 316L/Fe-35Mn system, result-
ing in a diffusion zone of approximately 100-200 pum, which
exhibited an enhanced hardness transition at the interface!?>’1,
Griffis et al. demonstrated that build orientation has a signific-
ant influence on interfacial defect formation. In their study on
MM-LPBEF for 904L stainless steel and bronze, they found that
orienting the interface plane relative to the powder recoater
blade decreased the crack density by approximately 30%—-50%
and increased the interface strength!?*'!, Dzogbewu and de
Beer examined powder delivery systems, including ultrasonic,
blade, and mixed feeders, to address interlayer transitions and
minimize defects in L-PBF multimaterial components!?’>],
The results indicate that while PBF gradients and interlayers
typically exhibit limited thickness and require stricter control,
they have been observed and can partially bridge the gap with
L-DED in interface engineering.

Extremely dissimilar material combinations (e.g.,
combinations of metals far apart on the periodic table)
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remain challenging for both processes, but currently, DED has
demonstrated success in some cases where PBF has yet to do
sol %311, For instance, joining steel to aluminum in a single build
is completely challenging in PBF; the two powders would con-
taminate each other, and the extreme differences in melting
temperature and reactivity would cause severe defects!?’¢!,
DED, by contrast, has been used to directly deposit one metal
onto another (steel or aluminum) in a controlled way, effect-
ively combining traditional methods!'8!!. These dissimilar
joints via DED are far from trivial—they often require pre-
cise process tuning or filler layers—but the fact that different
feedstocks can be fed sequentially makes it feasible.

In summary, in regard to material compatibility, PBF
requires either compatible material pairs or clever post-
processing to succeed. In contrast, DED offers more process
flexibility for grading or buffering dissimilar metals, albeit
at the cost of potentially larger mixed zones and increased
heat input. Each approach to multi-material joining must be
tailored to the specific metal pair and use-case requirements
(strength, corrosion, etc.), and often, the best results involve
hybrid strategies (e.g., using DED to lay a graded layer that is
then built upon by PBF, or vice versa).

While Sections 4.3.1 and 4.3.2 focused on PBF and DED as
stand-alone routes, recent work has shown that combining the
two processes in a single workflow can unlock unique advant-
ages for MM fabrication.

Recent case studies illustrate the advantages of hybrid
PBF-DED fabrication for MM metal structures. Bettencourt
et al. demonstrated the production of bimetallic specimens by
additively bonding Inconel 625 to a 316L stainless steel base,
which was prefabricated via L-PBF. The hybrid-built com-
ponents demonstrated tensile properties that surpassed those
of individual materials. Specifically, the yield strength of the
multi-material joint was greater than that of both monolithic
316L and IN625, whereas its UTS was comparable to that of
a pure IN625 alloy. The interface design is critical: a direct
transition from stainless steel to IN625 resulted in a ductile
bond without interfacial cracking, whereas the introduction of
a 50/50 mixed alloy intermediate layer (approximately 0.6 mm
thick) caused brittle fracture at the joint. Microscopic ana-
lysis revealed microcracks within the mixed transitional layer,
whereas the direct as-printed interface remained intact. The
results indicate that optimized transition strategies, such as
minimizing excessive dilution or oxides at the interface, are
essential for achieving high-strength, reliable bonds in hybrid
multi-material components!?’7!,

In addition to improving mechanical strength, hybrid MM-
AM can improve functional properties, including thermal per-
formance. A recent multi-material study on stainless steel
316L and CuCrZr copper alloy demonstrated that building
steel on top of a copper section resulted in a significantly lower
thermal contact resistance at the interface than the reverse
configuration. A 316L-on-Cu structure demonstrated super-
ior heat transfer efficiency across the bimetallic junction com-
pared to a Cu-on-316L structure. This finding suggests that the
careful selection of material combinations and their sequences
can improve the interface quality for thermal management. Ina
hybrid PBF-DED framework, one could utilize this approach
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by, for instance, fabricating a complex copper heat exchanger
core through PBF and subsequently employing DED to clad
or attach it to a steel housing or support. The quantitative
enhancement in thermal interface conductance, indicated by
reduced contact resistance, observed in the 316L/CuCrZr case,
highlights the ability of hybrid AM to produce MM compon-
ents that are optimized for both structural and thermal per-
formance, a feat that is frequently unachievable with a single-
material approach[?78].

Comparative studies demonstrate that hybrid PBF-DED
strategies can surpass single-process multi-material builds in
terms of interface integrity and overall performance. All-DED
multi-metal builds, although advantageous for material mix-
ing, typically necessitate functionally graded transitions
to alleviate thermal stresses. However, despite the imple-
mentation of grading, they often exhibit interfacial crack-
ing and mechanical properties inferior to those of mono-
lithic alloys!!®?!, For instance, DED-fabricated 316L~Inconel
samples exhibiting different compositional gradients did not
attain tensile strengths exceeding those of single-material
316L and generally failed at elongations below 10%, in
contrast to approximately 30% or more for wrought steel,
which was attributed to brittle interface behaviour. The
hybrid 316L/IN625 components demonstrated a joint strength
exceeding that of the weaker base metal and an elong-
ation comparable to that of the more ductile alloy, des-
pite the abrupt material transition!?’”1. This hybrid synergy,
which combines PBF’s precision and material quality with
DED’s multi-material flexibility, presents distinct advantages
over single-process methods. It facilitates the production of
multi-material metal components that exhibit improved mech-
anical and functional performance, which is supported by
measurable enhancements in the interface quality and overall
part behaviour.

4.3.3. Material utilization, forming capabilities, and part com-
plexity. In multi-material frameworks, the unused powder
from PBF may typically be recycled; nevertheless, the com-
bination of incompatible powders raises concerns. Cross-
contamination across several powders may necessitate the
disposal of unwanted material instead of recycling it!*’"],
Consequently, although single-material PBF typically attains
high material utilization (approximately 95% efficiency in
practice, compared with an idealized 100%), multi-material
PBF generally exhibits less effective utilization because of the
segregation or collection of mixed powders. Specialized meth-
odologies, such as distinct powder compartments or sheet-
based powder distribution systems, are being investigated to
mitigate these issues and ensure material recycling!?’!. The
material consumption of DED fluctuates based on the type
of feedstock. WA-DED exhibits remarkable efficiency, with
approximately 100% of the wire being melted directly into
the component, resulting in minimal waste!?°!, In L-DED,
there is material loss due to powder that fails to reach the melt
pool, referred to as “overspray”. Under optimal conditions,
powder DED can achieve approximately 80% material util-
ization; however, in suboptimal scenarios, the catch efficiency
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may decline (for instance, high-speed powder DED has been
reported to yield only 50%-70% efficiency owing to powder
rebound and kinematic losses)!?8!!. Crucially, for MM-DED,
the transition between materials can be achieved by either
exchanging or blending feedstock in real-time, resulting in
negligible transitional waste. DED is appealing for FGM
fabrications as it may deposit costly or heterogeneous ele-
ments exclusively where required, hence optimizing material
usage! 2822831,

With respect to design freedom, PBF has exceptional
geometric design flexibility within its build volume, allow-
ing complex geometries and overhangs to be supported
by the surrounding powder. Nonetheless, its capacity for
formation in a multi-material context is limited by the pro-
cess configuration!?®*!. In PBF, various ingredients must be
either pre-mixed or supplied via several feed systems layer-
by-layer, significantly limiting the introduction of a secondary
material. Contemporary PBF machines necessitate custom-
ised adjustments (e.g., multiple hoppers or localized powder
deposition mechanisms) to incorporate two alloys within a
single layer or component; in the absence of such enhance-
ments, material alterations can only occur at specified lay-
ers or locations!?’”!, This finding indicates that although PBF
can produce high-precision multi-material components, the
placement and alignment of different materials are restric-
ted by the characteristics of the powder recoating process.
PBF is constrained by a predetermined chamber size, ren-
dering it incapable of accommodating excessively large or
non-planar geometries. PBF offers significant geometric free-
dom for intricate designs, although it gives little opera-
tional flexibility for the arbitrary addition of materials during
fabrication!?%1,

On the other hand, DED is distinguished by significant pro-
cess flexibility, sometimes referred to as high forming free-
dom, which is particularly advantageous for MM-AM!286-2871,
DED machines can interchange or combine materials on
demand and deposit them onto pre-existing components, as
the material is supplied through nozzles or wire feeders. This
facilitates the construction of a variety of component sizes,
including substantial elements, and in several orientations. For
example, multi-axis DED machines can mount a deposition
head on a robotic arm or gantry, allowing material to be laid
on curved surfaces or repaired in situ on damaged components.
This capability allows a DED process to incorporate a second-
ary alloy as a coating, internal layer, or graded transition at
virtually any stage of a build. Furthermore, DED is not restric-
ted to a defined space; the construction area is solely con-
strained by the motion mechanism, rendering it appropriate for
extensive structures that exceed the built volume of PBF!?771,
The trade-off is that DED typically cannot produce unsuppor-
ted overhangs or intricate internal cavities as easily as PBF;
without a powder bed, features such as fine internal channels
or delicate thin walls are harder to form and often require sup-
port strategies. In summary, for MM-AM, DED offers greater
freedom to place and transition materials throughout a part
(and to do so on a larger scale), whereas PBF is more con-
strained in material placement but excels at intricate shape cre-
ation within a smaller envelope!'®¢-275!, Figure 11 summaries
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Figure 11. Radar chart comparing PBF and DED across eight key attributes relevant to MM-AM.

the comparative performance of PBF and DED across critical
factors in multi-material AM.

4.4. Heat-treatment strategies for MM-AM components

The heat treatment of MM-AM parts is a critical and intricate
process, as each alloy within a joint or gradient exhibits a dis-
tinct thermomechanical response. Various strategies have been
proposed in the literature to address these requirements!2881,
An initial strategy involves implementing a compromise
(single-furnace) cycle that promotes strengthening in high-
temperature alloys while preventing excessive softening or
oxidation of the counterpart. Yan et al.''%! demonstrated that
in SS316L/IN718 functionally graded materials produced by
L-DED, solutionizing at 1 080 °C for 0.5 hours followed
by aging at 720 °C for 4 hours resulted in finer equiaxed
grains in SS316L and y'/y” re-precipitation in IN718, lead-
ing to enhanced tensile strength and wear resistance com-
pared with both the as-built condition and a milder heat
treatment schedule!'”’. In contrast, sharp PBF bimetals such
as SS316L/CuSn10 are unable to endure elevated temperat-
ures. Research indicates that intense thermal cycles exacer-
bate liquid—metal embrittlement and galvanic corrosion at
the abrupt interface, thus restricting their application to low-
temperature stress relief or mild HIP!!93:2891,

On the other hand, the sharp transition between dissimilar
materials creates residual stresses from temperature gradients,
leading to crack formation at the bonded interface!?*°!. While
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stress relief annealing at 400°C shows slight improvements
in corrosion resistance of the 316L/CuSn10 systems, the treat-
ment parameters require careful optimization to accommodate
both materials simultaneously!>**!. Similar challenges occur
in IN718/CuSn10 joints, where significant differences in ther-
mophysical properties inevitably produce interfacial cracks
despite good metallurgical bonding, resulting in reduced
elongation and interface-dominated fractures!?°!1.

A secondary strategy involves sequential or zonal HT facil-
itated by interlayers. Park et al. incorporated V/Cr/Ni trans-
ition foils between Ti6Al4V and IN718, facilitating a two-
stage treatment: stress relief for the titanium side and aging for
the nickel-based superalloy. EBSD maps verified the absence
of intermetallic compounds during bonding, and the tensile
strength improved from approximately 210 MPa under the
as-built condition to approximately 250 MPa following the
tailored sequence!''”!. Research on Fe-Ti routes emphasizes
the importance of the deposition sequence and thermodynamic
considerations. Applying vanadium to Ti6Al4V before steel
prevents o-phase formation, while reversing this order leads
to brittle regions and subsequent cracking during post-heat
treatment! 161191,

A third option integrates global densification with local
enhancement. HIP eliminates porosity in PBF Fe—Cu or Ti—
Al bimetals!?°>:2%3] Subsequently, low-temperature aging or
stress-relief can be selectively applied to the precipitation-
hardening zones, thereby preventing grain growth in the
softer regions!!!3!. This differs from as-built SS316L/440C
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laminates, in which lack-of-fusion pores and BD-parallel
cracks remain if HIP or region-specific thermal steps are not
incorporated!?%°1,

Localized control of the microstructure during or after
deposition can effectively precondition the material for sub-
sequent heat treatment. In Ti—Ni systems, ultrasonic-assisted
L-DED fragmented coarse Ti;Ni into granular particles,
diminished Ni segregation, and increased the flexural strength
from 805 MPa to 1 047 MPal'?l. Ultrasonic assistance
in SS308L/IN718 FGMs resulted in refined grains and
homogenized hardness before aging. In contrast, unassisted
deposits frequently exhibit interdendritic segregation, which
restricts a uniform response to a global aging cycle!?**.

Thermodynamic and kinetic design can ensure that each
layer is positioned within a stable phase field that is com-
patible with the standard HT. Bobbio et al. integrated equi-
librium and Scheil simulations to develop an SS316/Ni-
20Cr/Cr/VITi6Al4V FGM characterized by printed regions
transitioning from FCC to FCC/BCC to BCC!7I. This
FGM successfully withstood standard stress-relief processes
without the formation of ¢ or intermetallic compounds
(IMCs), in contrast to Ti—-Fe paths constructed without
guidance! 15111 DED systems, with their larger melt pools
and smoother composition gradients, can tolerate conven-
tional solution-plus-aging schedules (e.g., 980 °C/1 h solu-
tion + 720 °C/8 h aging for IN718/steel joints)!''!. In con-
trast, PBF components typically require HIP in conjunction
with localized or mild cycles because of their more pro-
nounced interfaces and elevated residual stresses. For each
alloy pair, it is essential to optimize densification, phase sta-
bility, and property objectives through one or more of the out-
lined strategies! 20291,

5. MM-AM applications

In this section, an overview of the promising applications facil-
itated by the emerging field of metal MM-AM is provided. The
integration of metals and alloys with AM processes enables
designers to customize and enhance the properties of the
final product to meet specific requirements that were previ-
ously unattainable. The utilization of MM-AM typically relies
on disparities in the thermal conductivity, thermal expan-
sion coefficient, and corrosion resistance of materials!®-2%],
MM-AM has seen significant advancements across various
industries, with notable case studies highlighting its bene-
fits. From the perspective of companies engaged in MM-AM,
general electric (GE) aviation exemplifies the application of
this technology by producing intricate turbine engine com-
ponents. This approach effectively integrates diverse mater-
ials to improve performance while simultaneously redu-
cing weight. Similarly, the National Aeronautics and Space
Administration (NASA) has explored multi-material manu-
facturing for rocket components, optimizing strength and cost
efficiency by combining lightweight materials and advanced
alloys. Within the automotive industry, Volkswagen utilizes
multi-material additive manufacturing techniques for rapid
prototyping purposes, facilitating the evaluation of diverse
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design configurations and material options prior to mass pro-
duction. Similarly, Lockheed Martin and Siemens applied this
technology in the fabrication of essential defense and indus-
trial components, respectively, with an emphasis on enhan-
cing performance and minimizing material waste. Overall, the
widespread adoption of MM-AM holds substantial promise in
various industries, such as aerospace, automotive, biomedical,
and electronics, where weight and cost considerations are of
prime concern!®?7! It is important to note that at the conclu-
sion of each application section, we conduct an overview of
the technology readiness level (TRL) assessments alongside a
cost—benefit analysis (CBA) for one case study.

5.1 Aerospace and automotive sector

Metallic MM products created through AM are utilized in crit-
ical components in the aerospace sector, operating in highly
challenging conditions. The aerospace sector exhibits a strong
interest in these capabilities, as weight significantly influences
fuel efficiency and, consequently, the operational costs asso-
ciated with the asset. Engineering designs that prioritize the
optimization of both weight and performance present poten-
tial opportunities for cost reduction. Some potential aerospace
applications are shown in Figures 12(a)—(h). For example,
the MM-AM process facilitates the fabrication of complic-
ated fuel nozzles that incorporate cooling channels within
their structure!>*®). This is achieved by strategically combin-
ing materials with superior thermal conductivity for effective
heat dissipation and corrosion resistance, ensuring compatib-
ility with the delivered fuel. Consequently, these nozzles are
able to dispense fuel while efficiently mitigating the poten-
tial for overheating issues. It is notable to highlight that
propulsion plays a significant role in spacecraft development.
Approximately 70% of the total cost and a substantial por-
tion of the manufacturing timeline of a spacecraft are asso-
ciated with its propulsion system. Therefore, optimizing the
design and production of this system presents an opportunity
to achieve substantial efficiencies in both time and cost during
spacecraft manufacturing!??-3%1,

The National Aeronautics and Space Administration
(NASA) has integrated L-PBF and L-DED techniques to fab-
ricate the copper alloy liner and nickel alloy jacket compon-
ents of the liquid rocket combustor**). Examples of com-
ponent configurations using copper alloy-superalloy bimetal-
lic AM interfaces are shown in Figure 12(a). The combustor
exhibits higher thermal conductivity and operating temperat-
ure because of the combination of the two materials. This sug-
gests that using multiple materials through AM techniques
enables the creation of uninterrupted cooling channels con-
necting the chamber and the nozzle, thereby diminishing the
weight of components through the strategic arrangement of
materials!?*®]. Another example of combustion parts of multi-
materials made of nickel-copper developed by Fraunhofer
IGCV is shown in Figure 12(b)1301],

Ti alloys have a low Young’s modulus, wear resistance, and
thermal properties, and only work stably below 500 °C, which
limits their broad applications. To overcome these limitations,
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Figure 12. Examples of multi-material with potential applications in the aerospace and automotive sectors. (a) Examples of component
configurations using Copper-Superalloy bimetallic AM. From'?*®!, Reprinted with permission from AAAS. (b) Nickel-Copper combustion
chambers (Fraunhofer IGCV). Reproduced with permission from!**'!. © Fraunhofer IGCV, Prof. Christian Seidel. (c) A one-piece rocket
made of low-density Ti6AI4V and high-melting temperature refractory metal (Nb). Reproduced from!**?!, with permission from Springer
Nature. (d) Ti48AI2Cr2Nb and Ti6AI4V bimetal component. Reprinted from"***!, Copyright (2021), with permission from Elsevier. (e) L-
PBF-manufactured AISI 316L-Cul0Sn for aircraft turbine disk. Reproduced from!?%#!. © 2020 The Author(s). Published by IOP Publishing
Ltd on behalf of the IMMT. CC BY 3.0. (f) A286 SS to Invar36 gradient alloys for carbon fiber composite inserts. Reproduced with permission
from!***!, CC BY-NC-ND 4.0. (2) Aerospace heat exchanger AM using stainless steel SS316 and Inconel 718. Reprinted from! 291 Copyright
(2021), with permission from Elsevier. (h) The fabrication of SS304L to IN625 automotive valve stems. Reproduced from!>*?, with permission
from Springer Nature. (i) An injection nozzle for large bore engines, investigated in cooperation with MAN Energy Solutions SE (Prof.
Christian Seidel (Munich University) Fraunhofer IGCV). Reproduced with permission from'**!l. © Fraunhofer IGCV, Prof. Christian Seidel.
(j) Multi-material heat sink additively manufactured in a copper alloy (inner core) and stainless steel (outer shell) investigated in Aerosint,
worked with the Fraunhofer!*%!. Reproduced with permission from!**®!. © Schaeffler Aerosint SA.
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numerous researchers are investigating the integration of Ti
alloys with other materials possessing favorable properties at a
lower cost!?%6-307] Notably, there have been recent instances of
utilizing AM technology to fabricate Ti-based MMs. To show-
case the possible applications of compositionally graded metal
alloys, a series of prototype components are manufactured via
alloy combinations. A prototype gradient rocket nozzle, depic-
ted in Figure 12(c), was created employing a gradient ranging
from Ti6AI4V to the pure refractory metal niobium (Nb). This
nozzle was specifically designed for areas subjected to sig-
nificant heat loads, necessitating materials with high melting
points3021,

Turbine engines with integrated sub-elements of differ-
ent materials and structures represent a notable application
of MM-AM, aimed at achieving distinctive and enhanced
properties in the components!*%!. Engine parts, such as tur-
bine blades, can be manufactured via a combination of dif-
ferent materials, including high-strength alloys for the core
(Ti6Al4V) and heat-resistant alloys for the leading edges
(Ti48 A12Cr2Nb) (Figure 12(d))!*®}!. This method enhances
the efficiency and durability of turbine blades, enabling them
to endure elevated temperatures and pressures while pre-
serving their structural soundness. L-PBF has also been util-
ized to explore the feasibility of producing turbine disks by
using ultrasonic powder dispensers to produce MMs com-
ponents with a spatial ring and blades made of CulOSn and
AISI316L, respectively (Figure 12(e))!?84:3091,

Another study described the utilization of L-DED in the
production of aerospace shaft sleeve components, as shown in
Figure 12(f), where the radial composition transitions gradu-
ally from A286 stainless steel to Invar36. The radial shift was
specifically engineered to leverage the variation in the coef-
ficient of thermal expansion (CTE). This design results in a
significantly reduced thermal expansion compared with that
of pure stainless steel. An example highlighting the advant-
age of radially graded alloys over wrought alloys in terms
of mechanical properties is the application of a carbon fiber
inserted in low-temperature spacecraft panels. As depicted in
Figure 12(f), the radial gradient was intentionally formulated
with an inner core composed of A286 stainless steel, a mater-
ial commonly utilized in spacecraft bolts. The exterior of the
rod, transitioning to Invar 36, possesses a comparably low
CTE to that of the carbon fiber panel. It can be deduced that
using MMs can effectively mitigate abrupt CTE discrepancies
between two or more dissimilar materials when they are gradu-
ally bonded together. This approach aims to prevent poten-
tially catastrophic failures resulting from increased susceptib-
ility to crack formation at interfaces with abrupt changes in
material composition!3%4!,

According to reports, introducing nickel into iron-based
materials is advantageous because of the superior proper-
ties exhibited by nickel-containing alloys such as IN625
and IN718, including exceptional strength, corrosion res-
istance, and thermal shock resistance at elevated temperat-
ures. This combination shows promise for advancing high-
performance components in engines, such as valve stems,
drive shafts, piston parts, and connecting elements. In an effort
to merge the high-temperature capabilities of IN718 with the
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ductility and cost-effectiveness of AISI316L, multi-material
heat exchangers have been produced by researchers at Wits
and Amsterdam (Figure 12(g))!?!0!.

MMs produced by AM have potential applications in the
automotive sector, particularly for components such as auto-
motive valve stems. An illustration in Figure 12(h) depicts a
possible gradient from SS304L to IN625 in a valve stem pro-
duced through AM. In high-performance vehicles, valves are
typically made from the high-temperature nickel alloy IN625
and are subsequently friction-welded to a stainless steel stem.
However, these friction welds are susceptible to failure in such
applications, primarily because of the abrupt transition present
in the weld joint!3%%],

Wear- and heat-resistant steel can be integrated with a cop-
per alloy that exhibits high thermal conductivity for applic-
ations involving large-bore engines. Figure 12(i) illustrates a
case study of an injection nozzle collaboratively examined by
Fraunhofer IGCV and MAN Energy Solutions SE!**!1, The
multi-material design incorporates a copper core within the
region subjected to significant stress, resulting in improved
temperature regulation of the injection nozzle and, con-
sequently, enhanced engine performance.

As previously stated, to enhance the integration of vari-
ous industries within the context of MM-AM, we investig-
ated a framework that combines TRL evaluations and CBA
based on their reports. TRL is a standardized metric employed
to evaluate the maturity of a technology, ranging from initial
conceptualization to a fully validated and operational system.
This scale was originally established by NASA in the 1970s
to facilitate the assessment of space-related technologies!>!!!.
Subsequently, it has been embraced by various organizations,
including the U.S. Department of Defense, the European
Space Agency (ESA), and the European Commission, for the
purposes of research and innovation initiatives. In the context
of MM-AM, TRLs serve as a valuable framework for monit-
oring advancements, ranging from initial material compatib-
ility assessments (TRL 3—4) to pilot production stages (TRL
6-7) and ultimately to comprehensive industrial implementa-
tion (TRL 9). This progression is frequently accompanied by
cost—benefit analyses to ascertain both the technical feasibility
and economic viability of the processes involved!*!'!].

In the aerospace sector, MM-AM projects often involve
collaborations between agencies such as NASA, the European
Original Equipment Manufacturer (OEMs), and research
institutes such as Fraunhofer, focusing on integrating
high-conductivity copper alloys (e.g., CuCrZr) with high-
temperature superalloys (e.g., Inconel 718) for rocket engine
liners and cooling structures. TRL development typically
starts at 3—4 with coupon-level metallurgy and bond integrity
studies, advances to TRL 5-6 with subscale hot-fire testing
in relevant environments, and reaches TRL 7-8 with quali-
fication in flight-like conditions. Cost-benefit analyses show
that while initial builds can cost 20%—25% more than single-
alloy parts, lifecycle savings from reduced welds, simplified
cooling systems, and improved thermal efficiency can yield
return on investment (ROI) in under five years, alongside
non-monetary gains such as weight reduction and mission
performance improvements.
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An industrial example that is released by Aerosint (now
part of Desktop Metal) partnered with Fraunhofer IAPT, is
a multimaterial heat sink that combined copper for high
thermal conductivity with tool steel for structural strength
(Figure 12(j))1*%!. These advanced heat sinks offer effect-
ive solutions for challenging applications within the automot-
ive and aerospace sectors, where efficient heat dissipation
and space optimization are essential. For instance, they can
enhance the performance and longevity of electronic com-
ponents. Moreover, manufacturing this multi-functional com-
ponent through a single process considerably shortens lead
times and decreases production expenses. The project pro-
gressed through the TRL stages, starting with lab-scale proof-
of-concept (TRL 3—4) to demonstrate metallurgical bonding,
moving to component validation (TRL 5) with small proto-
types, and then to pilot-scale production (TRL 6-7), where
full-size heat sinks were tested in aerospace cooling systems.
By TRL 8, the design was optimized for manufacturability and
certification, and at TRL 9, the heat sinks were deployed in
operational aerospace electronics, proving their long-term sta-
bility and performance.

In parallel, a cost-benefit analysis (CBA) was conducted
at each stage, following an aerospace-style approach. While
initial production costs were approximately 20% higher than
those of conventional copper heat sinks due to dual-material
handling, lifecycle savings came from partial consolidation,
reduced assembly steps, and extended service life. The per-
formance gains included a 30% improvement in heat trans-
fer, enabling lighter, more compact cooling systems—a major
advantage in aerospace, where weight reduction translates to
fuel savings.

5.2. Biomedical sector

Metals and alloys have been essential materials for med-
ical devices for more than a hundred years. Currently,
around 70%-80% of bio-implants consist of metals and
alloys because of their remarkable durability and long-
lasting properties!*'?!. Nevertheless, bio-implants must exhibit
supplementary attributes to guarantee optimal perform-
ance, including lightweight construction, non-toxicity, cor-
rosion resistance, and biocompatibility. The integration of
ductile alloys with wear-resistant material systems facilit-
ates more precise customization of the final properties of the
implants!®2,

The utilization of MM-AM is significantly transforming
the biomedical sector. The AM industry dedicated to bio-
medical purposes is anticipated to achieve a market value of
$3.7 billion by 20263131, This growth is attributed to the sub-
stantial market opportunities presented by MM-AM techno-
logy. Various biomedical applications have been developed
by utilizing MM-AM, facilitating prosthetic fabrication with
multi-material compositions and customized designs that
incorporate specific material attributes. Moreover, as already
stated in Section 2, MM-AM allows for the integration of
biocompatible metals, polymers, and ceramics to fabricate
structures that closely resemble the properties of natural
tissues. Manufacturers can develop prosthetics that offer
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enhanced comfort, functionality, and aesthetic appeal by com-
bining materials with diverse flexibility, strength, and weight
properties. From a long-term perspective, it may be feasible to
produce metal implants that possess customized biocompatib-
ility, such as those utilizing resorbable materials, or that incor-
porate integrated sensors designed for the in vivo detection of
early-stage inflammations!3!41,

An illustration of this concept is the application of gradi-
ent structures in bio-implants, which can improve their dur-
ability and decrease the risk of implant failure. The bio-
mechanical incompatibility arising from a disparity in the
Young’s modulus between the bio-implants and adjacent tis-
sues may lead to stress shielding and issues such as implant
loosening and necrosis of bone cells. Figure 13(a) shows a
printed NiTi/Ti6Al4V multi-material hip implant composed
of two distinct materials: a Ti6Al4V inner region known
for its superior mechanical properties, such as strength and
stiffness, and a NiTi outer region designed to undergo con-
trolled volume expansion through shape memory activation.
This unique design aims to enhance bone-implant contact
and stimulate bone ingrowth for improved implant stability
and integration within the body!?®!. An additional illustra-
tion involves the production of Ti-based MMs with a stiff-
ness gradient, as depicted in Figure 13(b). In this context, a
bi-directionally graded metamaterial composed of titanium-
niobium-zirconium with five distinct regions was created. The
central region consisted of commercially pure titanium with
a higher elastic modulus of 110 GPa to enhance mechanical
toughness, whereas regions 1 and 5 at the periphery exhibited
alower elastic modulus of 75 GPa to align with the mechanical
characteristics of bones. These metamaterials with a stiffness
gradient exhibit suitable performance for orthopedic implant
applications!*!>1. Currently, new elements such as Mo, as non-
toxic elements, can stabilize the (3-phase of Ti, and reducing
the elastic modulus of titanium has been used to design new
alloys in the biomedical sector. Schneider-Maunoury et al.l!'"#!
successfully prepared Ti6Al4V/Mo with good metallurgical
bonding (Figure 13(c)). The Ti6Al4V/Mo multi-material has
great potential for biomedical applications, such as trauma sur-
gery or orthopedic implants. Moreover, the gradient poros-
ity configuration of Ti6Al4V hip implants has been found to
improve the balance between strength and ductility while also
promoting enhanced fluid permeability at the interface with
tissue, thereby facilitating cell proliferation (Figure 13(d)). Wu
et al.’1%1 used EBM to prepare a variety of porous Ti6A14V
(Figure 13(e)). The porosity gradient with a thickness of 4-8
mm led to the best compressive strength. This has the poten-
tial to address the challenge of inadequate integration between
bones and implant materials'®!7].

From the biomedical sector, an industrial collaboration
point of view, MM-AM is driven by partnerships between
medical device OEMs, universities, and regulatory bod-
ies to produce implants that combine metals such as Ti-
6Al-4V for structural strength with tantalum or NiTi for
enhanced osseointegration and corrosion resistance! %1, TRL
progression often begins at 3—4 with mechanical and biocom-
patibility testing, moves to TRL 5-6 with cadaveric or
animal trials, and reaches TRL 7-8 with limited clinical use
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Figure 13. Examples of multi-material with potential applications in the biomedical sector. (a) Design concept of a NiTi/Ti6Al4V multi-
material hip implant. Reprinted from'?>, Copyright (2020), with permission from Elsevier. (b) Ti-based MM with a stiffness gradient.
Reprinted from!®'>, Copyright (2017), with permission from Elsevier. (c) Cross-sectional structure of a Ti6Al4V/Mo. Reprinted from!!7#!,
Copyright (2017), with permission from Elsevier. (d) Porous titanium craniofacial part with a graded porosity and density. Reproduced
from®!"). CC BY 4.0. (e) Schematic diagram and actual printing samples of a variety of porous Ti6AI4V. Reprinted from'*'®!, Copyright
(2018), with permission from Elsevier.

under regulatory oversight. Cost-benefit analyses reveal that leading to increased efficiency and reduced costs in the
although production costs can be 30% higher than those of production of electric motors. Rotary electrical machines,
conventional implants, improved patient outcomes, reduced encompassing motors and generators, have emerged as prin-
revision surgeries, and faster recovery times deliver strong cipal prime movers in contemporary society, whereas static
long-term value, with non-monetary benefits, including com-  electrical machines, such as transformers, have become integ-
petitive differentiation and enhanced patient quality of life. ral components of the future global energy infrastructure!3'8!,
Confronted with emerging design and performance demands,
the community promptly embraced MM-AM. Figure 14(a)
displays a prototype of an AMed electric motor stator
The utilization of MM-AM is essential in the produc- and a conceptual design of a spherical reluctance electric
tion of electronic components, as it facilitates the incor- motor developed utilizing a computational engineering model
poration of various alloys within intricate structures. This authored by LEAP 71. The motor components were fabricated
capability enables the customization of magnetic field shapes, —from steel and copper materials via the experimental MM-AM

5.3. Electronic sector
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manufacturing process established by the Fraunhofer IGCV
and produced via a Nikon SLM solution printer®!!,

Efficient thermal management in electronic devices relies
on the utilization of heat sinks and cooling systems, which
can be enhanced through the application of MM-AM to
achieve optimized designs. By integrating materials with
superior thermal conductivity for effective heat dissipation and
incorporating lightweight alloys to decrease weight, manufac-
turers can develop heat sinks that efficiently dissipate heat
while simultaneously reducing the overall weight and dimen-
sions of electronic systemst**!. The L-PBF fabrication pro-
cess of the MM heat exchanger offers a cost-efficient alternat-
ive to conventional welding techniques. Figure 14(b) shows a
tubular heat exchanger composed of CuCrZr/AISI316L mater-
ials featuring a complex curved configuration fabricated by
Aerosint SAP%!. Within this heat exchanger, the copper tube
serves as one of the conduits enclosed by the AISI 316L chan-
nel. The design rationale revolves around utilizing copper for
the inner tubes to optimize the thermal conductivity while
employing stainless steel for the outer shell to ensure struc-
tural integrity and chemical inertness.

AM has also exhibited the ability to integrate electronic
components, such as sensors, into printed objects within the
specified dimensions. By embedding sensors into the printed
part during a fabrication pause, AM presents the potential for
the complete encapsulation of sensors for operation in challen-
ging environments or within the human body. For example, the
non-intrusive integration of sensors or strain gauges into the
bodies of components, such as engine blocks (Figure 14(c)),
via AM technology could create a dynamic system that
continuously offers feedback on structural integrity, thereby
enhancing the life span and versatility of components!®*!,
Additionally, by embedding inductors into implants during
laser beam melting fabrication, researchers have continuously
monitored interactions between the implant and surrounding
tissue to assess infection risks and stress levels for real-time
performance evaluation (Figure 14(d))!*?!1.

Additionally, using MMs through AM technology presents
a novel opportunity to incorporate security elements in hard-
to-reach areas of AM components, such as the inner sur-
face of a hollow turbine blade, during the manufacturing
process. This technology could also be leveraged to integ-
rate anti-counterfeiting measures into traditional manufactur-
ing processes and high-value metal components. Furthermore,
it has the potential to be combined with blockchain techno-
logy to verify the authenticity of produced items. These secur-
ity features could also be utilized to document the complete
life cycle of a part, encompassing its manufacturing, inspec-
tion, maintenance, and recycling stages. Variations in mater-
ial density result in the detection of embedded security codes
through X-ray and infrared (IR) imaging, as illustrated in
Figure 14(e)??21.

From an electrical and electronics industry collaboration
point of view, MM-AM collaborations link machine OEMs
(e.g., prima additive), research institutes, and aerospace/auto-
motive suppliers to develop copper—aluminum hybrid bus-
bars, motor stators, and thermal management components.
TRL advancement typically starts at 3—4 with metallurgical
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bonding and conductivity tests, progresses to TRL 5-6 with
functional prototypes undergoing thermal cycling and elec-
trical resistance evaluation, and reaches TRL 7 with pilot-
line production in relevant environments. Cost—benefit ana-
lyses show that while raw material and process costs are higher
than those for conventionally machined parts, weight reduc-
tions of up to 35%, improved conductivity in critical zones,
and smaller cooling system requirements can produce ROI in
2-3 years, with added strategic benefits in high-performance
aerospace and electric vehicle markets. An illustrative indus-
trial case within the FORNEXTGEN program involves the
Fraunhofer IGCV’s development of electric motor stators and
rotors. These components incorporate copper windings and
steel laminations fabricated concurrently through a single
additive manufacturing process, thereby eliminating the need
for separate winding and assembly stages'?°®). The work
began at TRL 3—4 with metallurgical bonding and conduct-
ivity tests, progressed to TRL 5-6 with functional prototypes,
and reached TRL 7 with pilot-line production for e-e-mobility
demonstrators. Although AM process costs were higher than
conventional manufacturing, the CBA showed that weight
reduction, improved electrical efficiency, and shorter produc-
tion cycles could deliver ROl in as little as 2-3 years for high-
performance electric drivetrains.

5.4. Other application functionalities

Table 4 summarizes the characteristics and applications of
different MM-AM materials. In addition to the mentioned
applications, there is ongoing progress in creating MMs
with gradient structures or modified chemical compositions
through AM techniques. Further research and advancements
are necessary to fully exploit their capabilities and facilitate
wider industrial integration. For example, these materials can
enhance the radiation tolerance of nuclear reactor components
and fortify armor against diverse sources of damage. In injec-
tion molding applications, the integration of abrasion-resistant
tool steel with a copper alloy exhibiting high thermal conduct-
ivity can substantially decrease cycle times during the produc-
tion of plastic components characterized by high aspect ratios.
Furthermore, the utilization of aluminum and copper alloy
combinations presents potential cost reduction opportunities
in the manufacturing of electric motors. Furthermore, MMs
are being explored to create damping mechanisms that can
absorb mechanical energy under stress or vibration conditions.

6. Perspective

A general overview of the state of the art in MM-AM indicates
that direct metal AM technologies have made unprecedented
growth in the research and development of MM products in
various sectors. Nevertheless, some issues and challenges in
different stages, from design to market, have held back MM-
AM from its real potential, which should be considered high-
priority future work directions as follows:

e On the top, the lack of a reliable MM design framework
for each AM process has led to arbitrary methodologies for
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Figure 14. Examples of multi-material with potential applications in the electronics sector. (a) Electric motor stator and spherical reluctance
electric motor (LEAP 71/Fraunhofer IGCV). Reproduced with permission from®'°). ©LEAP 71/Fraunhofer IGCV. (b) CuCrZr/AISI316L

multi-material heat exchanger (courtesy of Aerosint.com
Temperature sensor structures on a stainless-steel substrate. Reprinted from
stem with an embedded sensor. Reproduced from

)[3051
[320]
[321]

. Reproduced with permission from®*!. © Schaeffler Aerosint SA. (c)
, with the permission of AIP Publishing. (d) Smart femoral hip
, with permission from Springer Nature. (e) The copper QR code embedded in stainless

steel components and its X-ray image and IR image. Reprinted from"*>*, Copyright (2018), with permission from Elsevier.

developing efficient MMs in a costly and time-consuming
manner. In addition to service requirements, to address
this, we emphasize metallurgical compatibility between ter-
minal materials as the first step and propose an integ-
rated framework that combines thermodynamic and kinetic
modeling (e.g., CALPHAD) with machine learning meth-

manufacturing.

to achieve optimal processing parameters for every mater-
ial composition. Additionally, improving CAD software
packages specialized for MMs in which users are able to
define materials distribution and properties, not just geomet-
ries, could offer more intelligent and integrated design and

ods to predict transition-zone phases and process windows, e The PBF adaptive mechanisms to handle multiple materi-

standardized material-compatibility testing (minimal test
matrix of thermal cycles, interdiffusion couples, microstruc-
ture mapping, and mechanical tests), common interface-
characterization protocols (microscopy, EBSD, TEM, com-
positional line-scans), and process—structure—property maps
for each AM route. Moreover, the steps can be followed by
prioritized post-processing strategies for the AMed metal-
lic multi-materials, as well as shared open databases and
multiscale modeling workflows, to accelerate the future
design and production of metallic multi-materials.

e Macro- to micro-scale simulations (e.g., finite volume/ele-
ment to cellular automata and phase-field methods) of the
process not only could result in a better understanding
of the interaction between the process and materials and
complex phenomena (such as melt pool dynamics, thermal

characteristics.

als have been associated mainly with the laser-based pro-
cess (L-PBF) and the simplest MM design, i.e., bimetal. It
is highly encouraged to establish a cost-effective solution
with minimal cross-contamination of powders, as well as
higher production efficiency in PBF processes, to reliably
and reproducibly realize more complex MM designs, espe-
cially in EB-PBF, thereby releasing its unique capabilities of
MM-AM. Overcoming this technological challenge paves
the way toward the commercialization of PBF machines
dedicated to MM processing. Although DED processes are
undoubtedly more flexible in composition manipulation dur-
ing fabrication, they require further improvements in surface
quality and dimensional accuracy of the MM parts, utilizing
precise systems for monitoring and controlling the melt pool

stresses, defects formation, solidification structure, and e Very limited information is available on post-processing sur-

grain evolution) but also, as practical tools besides real-time
monitoring systems and experiments, could generate com-
prehensive datasets suitable for machine learning algorithms
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face/bulk treatments of additively manufactured MM parts,
which are usually needed to achieve the expected per-
formance. Non-homogeneous structures result in different
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Table 4. A summary of the properties and applications of MMs fabricated by AM.

Invar-stainless steel

Copper-nickel alloy

Stainless steel-nickel

Titanium-titanium

Processing
Materials Applications Key properties Industry technologies References
Copper-stainless Automatic cooling control ~ Enhance thermal Aerospace/electrics/  L-DED, L-PBF, [309.323]
steel instrument/turbine conductivity/improve mold industry WA-DED

disk/bimetal porous
energy-absorbing

structure/anti- signatures
counterfeiting
Copper-aluminum Solar energy collectors or  Light weight/cost

lightweight electric motors
and actuators/heat
exchangers/aerospace
thermal structures.
Radially graded MM
inserts used on carbon fiber
composite components
Liquid rocket combustor
comprised of a copper
alloy liner and a nickel
alloy jacket

Nuclear reactor
components used in the
nuclear power plant or the
miniature
nuclear/electricity energy
conversion system for
space
exploration/automotive
valve stems

Increase thermal

light weight

alloy

resistance

Turbine blades/fracture
fixation plate/orthopedic
implants

Metal extraction/energy
production/the repair of
metallic components

Improve

Titanium-copper

savings/boosts heat or
electrical transfer

Low cost/excellent
oxidation resistance

Low cost/corrosion
resistance at high
temperatures/improved
hardness and wear

biocompatibility/enhanced
abrasion resistance
Improved corrosion
resistance/cost savings

structural strength/impact
on distinct optical, thermal

conductivity, diffusivity,

Electrics/Automotive L-DED, L-PBF, [324]
WA-DED

Aerospace L-DED, L-PBF, [304]
WA-DED

Aerospace L-DED, L-PBF, [298,300]

Nuclear/electrics L-DED, L-PBF, [215,302]

/automotive EB-PBF

Aerospace/biomedical L-DED, L-PBF, [205,303,315]
EB-PBF

Aerospace L-DED, L-PBF, [2.308]
EB-PBF

responses to a certain post-treatment operation over com-
positional regions, making them more complicated than
single-material cases. Therefore, post-treatment variables
should be accurately adjusted considering the entire MM
structure to avoid undesired changes in every compositional
region unless the highly contrasting nature of the parent
materials dictates stepwise post-treatments with respect to
the characteristics of each composition.

While the technical issues of MM-AM (materials, compat-
ibility, and geometry) have received significant attention,
the economic implications are equally vital. In MM-PBF,
the cost increases because of specialized powder handling,
multiple feeders, contamination mitigation, and reduced
powder reutilization rates (Khanna et al. reported that PBF
is approximately five times more costly than DED for sim-
ilar components!?%%]). In L-DED-based MM, models show
that material and machine costs together may account for
~90% of the total cost, with DED often achieving sub-
stantially lower unit costs when the geometry and accuracy
requirements are relaxed'3>3!. Activity-based costing in PBF
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indicated that post-processing, component geometry, and
the build rate substantially affect overall costs, frequently
adding 20%—40% overhead to the base build expenses!*23.
Accordingly, future MM-AM economic strategies must
incorporate hybrid process approaches, powder recycling
and segregation management, as well as cost models that
link parameters (rate, utilization, post-machining) to the
final unit cost.

The majority of the literature has focused on the overall
basic properties of AM-produced MM parts. In contrast,
multi-objective performance analysis concerning real-life
applications should be performed via localized and in situ
characterization techniques to provide more details on the
behaviour of every compositional region under simulated
working conditions, figure out failure mechanisms and
weaknesses of present MMs, and develop more efficient
ones. Meanwhile, further development of MM-AM requires
standardization of testing methods to ensure the quality
of the MM product through repeatable and comparable
results.
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7. Summary

Multi-material structures, inspired by natural patterns,
have become integral to modern life because of their
multi-functionality and superior performance across various
applications. Traditional manufacturing methods introduced
multi-materials into engineering, but additive manufacturing
has significantly accelerated their development owing to its
layer-wise mechanism, allowing for the integration of flex-
ible material designs and complex geometries. Consequently,
multi-material additive manufacturing enables designers to
customize and enhance the properties of final products to
meet specific requirements that were previously unattain-
able. This review highlights recent progress in multi-material
additive manufacturing, focusing on processing multi-material
metallic components, case studies, and practical applications
in sectors such as aerospace, automotive, biomedical, and
electronics.

Over the past decade, multi-material additive
manufacturing—particularly direct metal AM methods such
as DED and PBF—has advanced substantially, broadening
material and process choices to meet critical engineering
needs. These processes enable a range of metal compositions,
including aluminum, steel, titanium, superalloys, and metal—
nonmetal composites. DED is prized for efficient fabrica-
tion of large components and flexible material combinations,
whereas PBF, although less adaptable to mid-process compos-
ition changes, provides higher resolution, tighter dimensional
tolerances, superior surface finish, reduced waste, and better
part performance. Researchers continue to address single-
material limitations to produce multi-material metal AM parts
with targeted functional properties.

The Fe-Ni family is the most studied for its balance of
properties and cost, while Fe—Cu systems combine Fe strength
with Cu thermal and electrical conductivity; Ti alloys serve
as terminal materials for biomedical and aerospace MM-AM,
and composites, ceramics, and intermetallics are also repor-
ted, with many studies examining the properties and form-
ation of detrimental phases and defects across composition
gradients. Multi-material AM enables scaffolds, energy har-
vesters, soft sensors, lightweight automotive parts, and 3D-
printed dentures, offering advantages for aerospace, automot-
ive, biomedical, and electronics. EB-PBF, which operates hot
and in vacuum, already processes many metals and is well
positioned to expand multi-material capability, but progress
requires integrated, process-specific MM design frameworks,
improved CAD and simulation tools, adaptive PBF control,
robust post-processing, and standardized qualification to avoid
harmful phases and cracking.

Improved simulation tools and CAD software specialized
for multi-materials can offer more intelligent and integrated
design and manufacturing solutions. In parallel, data-driven
methods, particularly machine learning (ML) models, can sig-
nificantly enhance MM-AM development and scalability by
optimizing process parameters, enabling real-time monitor-
ing, facilitating material design, and promoting discovery,
among other applications. Additionally, cost-effective solu-
tions for PBF processes, effective post-processing treatments,
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and standardized testing methods are essential for the com-
mercialization and widespread adoption of MM-AM.
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