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Abstract
The ability to manufacture complex designs from multiple materials has long been 
a key objective for applications operating in extreme environments. Multi-material 
(MM) additive manufacturing (MMAM) has significantly enhanced the functionality 
of additive manufacturing (AM) by enabling the integration of dissimilar alloys while 
leveraging the inherent advantages of AM, including design flexibility, reduced 
material waste, and rapid production, with the ability to tailor mechanical properties 
through spatial material distribution and local processing conditions. This process 
unlocks unprecedented opportunities across industries such as aerospace, automotive, 
biomedical, energy, and nuclear sectors. This article provides a comprehensive review 
of the state-of-the-art in MMAM, focusing on the manufacturing processes, molten 
pool formation, alloy compatibility, and bimetallic interface characteristics—including 
microstructural and mechanical properties—as well as modeling and simulation 
approaches for performance prediction and optimization, with developments 
tracked from 2013 to 2024. This review article predominantly focuses on: (i) 
MM-laser powder bed fusion, (ii) MM-directed energy deposition, and (iii) MM-wire-
arc AM by detailing the mechanisms of molten pool formation at the interface 
and dissimilar alloy material compatibilities. Subsequently, the article provides an 
in-depth analysis of the meso-  and micro-structural characteristics at the interface 
in bimetallic structures across widely employed MMAM alloys. The mechanics of 
MMs under various mechanical properties are presented, including microhardness/
micro-indentation, tensile, flexural, compression, and fatigue strength, which are 
critical for MMAM applications in extreme conditions. In addition, current modeling 
and simulation approaches for MMAM are discussed with respect to the challenges 
and opportunities to increase MMAM adoption. The article concludes with a future 
roadmap for advancing MMAM by overcoming feedstock and build material cross-
contamination, monitoring the in situ process, standardizing MM testing, and further 
developing thermo-mechanical modeling, specifically, for MMAM.
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1. Introduction
Metal additive manufacturing (AM) is revolutionizing 
industries with its growing adoption across automotive,1,2 
nuclear,3-5 aerospace,6-9 energy,10-12 and biomedical 
sectors.13-18 Utilizing a layer-by-layer approach guided 
by computer-aided design models,19 metal AM offers 
transformative advantages over traditional manufacturing 
methods, including reduced material waste, accelerated 
production cycles, enhanced part consolidation, and 
unprecedented design flexibility. While significant strides 
have been made in fabricating single-material components, 
the next frontier lies in further advancing multi-material 
(MM) metal AM (MMAM). Enhancing the quality, 
reliability, and performance of MM components is critical 
to unlocking their full potential and meeting the rigorous 
demands of real-world applications—a challenge this 
review seeks to address following a roadmap consisting of 
six topics, as presented in Figure 1.

Recent advancements in AM have enabled the 
processing of multiple materials within a single build, 
a technique referred to as MMAM. Components 
manufactured using MMs can produce tailored 
mechanical properties according to spatial part design 
requirements, and concurrent local material assignment 
and processing conditions. In addition to the tailored 
mechanical characteristics, the MMAM approach also 
enables manufacturing complex structures that are 
otherwise cost-prohibitive or often not feasible through 
other manufacturing methods.24-30 Recent advancements 
in material deposition have enabled AM users to achieve 
precision control at the voxel length scale in the order 
of a few hundred microns.31,32 By leveraging the existing 
advantages of AM processes, ongoing advancements 
in MM would introduce a new paradigm and range of 
opportunities for design, mechanical properties, and 
manufacturing capabilities.33

Despite the numerous advantages of MMAM, 
limitations in the detailed understanding of the process–
structure–property (P-S-P) relationships present 
severe constraints in fully adopting and leveraging its 
capabilities.34 Some examples of the critical challenges faced 
by MMAM include the complex behavior at the interfaces 
of the dissimilar materials, heterogeneous thermal 
properties (melting temperature, thermal conductivity, 
laser absorptivity, and coefficient of thermal expansion 
[CTE]), and cross-contamination between virgin and used 
powders. Addressing these gaps is essential for qualifying 
MMAM for high-performance applications in aerospace, 
defense, energy, biomedical, and other emerging industries.

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

that have been proven for single metallic materials and are 
under rapid development for MMAM. The list includes 
three main processes: (i) Laser-based powder bed fusion 
(LPBF) and electron-beam powder bed fusion (EB-PBF), 
(ii) laser-directed energy deposition (LDED), and (iii) 
wire-arc AM (WAAM). Among these, LPBF is known 
for achieving higher dimensional accuracy; however, it 
suffers from small build volumes, low surface roughness, 
and low production efficiency. These drawbacks result 
from factors such as fine powder particles (10 – 50 μm),35 
relatively large laser spot size (50 – 80 μm),36 small layer 
thickness (<100 μm),37 and a high risk of powder cross-
contamination.38-41 In Section 2.1, the author will discuss in 
depth the advantages and limitations of LPBF. In contrast, 
LDED and WAAM offer significant advantages in terms 
of higher deposition rate, minimal cross-contamination 
between multiple materials, and suitability for large-scale 
component manufacturing. However, these techniques 
are associated with high surface roughness and low-
dimensional accuracy (100 μm).39 Given these trade-
offs, recent progress has focused on leveraging all three 
process techniques for the fabrication of MM components. 
A detailed description of each process and the mechanics 
of melt pool formation, as well as alloy compatibility in 

Figure 1. Road map for the future of bimetallic multi-material additive 
manufacturing (MMAM). Includes the discussion on (A) alloy 
compatibility. Reproduced with permission from Sun et al.20 Copyright© 
Elsevier 2020. (B) Powder recyclability and contamination, (C) AM 
in-process monitoring techniques. Reproduced with permission from 
He et al.21 Copyright© Elsevier 2023. (D) MMAM process engineering,22 
(E) MMAM mechanical testing standardization, and (F) modeling and 
simulation.23 Reproduced with permission from Aerosint Company22 and 
Gu et al.23 Copyright © Elsevier 2020.
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MMAM, is provided in Section 2. Using these processes, 
the transition between dissimilar materials can be either 
discrete or gradual.

The interfaces of MMAM structures consist of either 
a discrete boundary (discrete MMAM), characterized by 
a direct transition between two materials; a functionally 
graded boundary—in which the proportion of material 
composition varies along the interface—or a discrete 
boundary incorporating a third material as an interlayer, as 
shown in Figure 2. Functionally graded materials (FGM) 
enable complex and locally controlled MM component 
fabrication by providing smooth transitions between 
dissimilar materials. However, FGM comes with limitations, 
such as inconsistent gradient control and unpredictable 
feedstock deposition, which may limit the repeatability and 
precision of the FGM components. In contrast, discrete 
MMAM with direct compositional change (including 
adaptation of interlayer material) offers significant 
engineering benefits such as increased flexibility in design 
and production, property optimization, and the ability to 
realize complex functionalities.42,43 Both FGM and discrete 
MMAM components can deliver localized enhancements, 
such as high wear resistance, high-temperature resistance, 
and corrosion resistance in target regions, while 
maintaining traditional mechanical properties at adequate 
level, an approach that is often restricted in single-material 
components.40,44 For the reader’s ease, the term MMAM 
will now be used interchangeably with discrete MMAM 
to identify a discrete compositional change between 
dissimilar materials using AM here on.

The adoption of MMAM has garnered increasing 
interest across industries such as aerospace,22,45-49 
automotive,50,51 biomedical,52 and nuclear energy.53,54 In the 
aerospace industry, MMAM implemented functionality 

in propulsion, heat exchangers, and other components. 
For instance, in 2017, the National Aeronautics and 
Space Administration launched the “Rapid Analysis 
and Manufacturing Propulsion Technology” program 
to reduce the cost and weight of the thrust chamber 
assembly. This initiative utilized bimetallic joints to 
directly fuse the copper (Cu) combustion chamber 
with the nickel (Ni) alloy nozzle, eliminating the need 
for additional fasteners. Cu/Ni alloy combinations are 
particularly suitable for propulsion applications due to 
the high thermal conductivity of Cu and the mechanical 
strength of Ni.45-47 Another MMAM demonstration in 
industry integrated titanium (Ti) and aluminum (Al) 
to manufacture a lightweight yet corrosion-resistant 
spaceflight frame, capitalizing on Ti’s high corrosion 
resistance and Al’s lightweight.48 Another example of 
MMAM application is the Cu/stainless steel (SS) MMAM 
heat exchanger fabricated by Aerosint (Belgium), 
where complex Cu channels were embedded in SS to 
produce a monolithic structure that demonstrated a 
relatively higher cost-effectiveness over conventional 
manufacturing.22 Similarly, an SS/Ni component was 
manufactured through MMAM for a heat exchanger by 
leveraging the high-temperature performance of Ni and 
the higher ductility, corrosion resistance, and lower cost 
of SS.49 The applications of MMAM in aerospace have 
extended to vital components such as propulsion systems, 
heat exchangers, and spacecraft body frames without 
compromising functional performance.

The impact of MMAM extends beyond the aerospace 
industry. With the growing adoption in the automotive 
industry, components such as electric motor rotor51 and car 
chassis50 have been fabricated using MMAM techniques 
with iron (Fe)/Ni and Al/SS compositions, respectively. 
The design flexibility enabled through LPBF allowed for the 
reduction of eddy currents and increased motor efficiency. 
Meanwhile, the Al/SS MMAM chassis helped reduce the 
vehicle’s weight while maintaining higher strength and 
corrosion resistance. Similarly, to the automotive industry, 
the biomedical fields,52 nuclear energy,53,54 and anti-
counterfeiting55 have implemented MMAM. The MMAM 
of Ni/Ti has been explored as a viable hip implant due to 
its shape memory behavior and bio-compatibility.52 In the 
nuclear energy industry, tungsten/Cu has been explored 
for use in fusion nuclear reactor components, leveraging 
their combined high-temperature resistance and excellent 
plasma radiation resistance properties.53,54 Besides the 
large-scale industries, MMAM has shown promise in anti-
counterfeiting, where embedded safety features, such as a 
quick response code, have been incorporated into metallic 
components made of SS/Cu alloys to allow traceability and 
authentication.55

Figure  2. Schematic illustration of bimetallic, functionally graded 
materials, and interlayer-assisted multi-material additive manufacturing 
structures, highlighting the differences in materials transition and 
material compositional distribution characteristics across the interface
Abbreviation: Comp.: Composition.
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While the array of current applications of MMAM 
demonstrates its versatility, a deeper understanding of the 
underlying microstructures, mechanical behavior, and 
modeling and simulation of materials used in MMAM is 
crucial to ensure wider adoption. The goal of this review 
article is to identify a potential road map for advancing the 
field of MMAM by providing a detailed insight into the 
current state of microstructure, mechanical characteristics, 
and modeling and simulation of MMAM structures. In 
contrast to previous review articles (Table  A1), which 
have primarily focused on FGM, this article gathers and 
synthesizes the results reported in empirical studies 
that investigated the P-S-P relationships of MMAM 
structures, with a roadmap toward further development 
of MMAM. Prior literature has explored various aspects, 
including applications,60-66 challenges in FGM-LDED,60,67 
challenges in thermal properties and creation of harmful 
compounds,68 challenges in steel-  and metal-based 
FGM,69,70 progress in structures and functionality of FGM,71 
manufacturing techniques,60,64,72-75 experimental studies 
on metal-metal, metal-ceramic and metal-intermetallic 
gradient, and numerical studies on material science and 
engineering,67,76,77 and practical applications.62,63,67,70,71,74,75,78 
While these review articles provide abundant information 
on MMAM, a critical research gap and future direction 
(applicable to MMAM) concerning structures with discrete 
transitions remain unexplored. This article aims to address 
that gap in the following sections.

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

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

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

LPBF is a metal-AM process that utilizes a high-powered 
scanning laser beam to selectively melt a region of a 
powder bed onto a metal substrate in a layer-by-layer 
fashion to produce three-dimensional (3D) solid metal 
parts. Melting occurs on metal powder fabricated through 
various powder processes (e.g., gas atomization, plasma 
atomization, plasma rotating electrode process, hydride-
dehydride, and wire atomization) inside a sealed inert 
gas build chamber, usually filled with argon or nitrogen, 
which is pumped throughout the build chamber to 
maintain a low oxygen content. Previous studies indicate 
that an oxygen content of 300 – 1,000 ppm is required to 
prevent oxidation during the manufacturing process.79 
In addition to maintaining a low oxygen content, inert 
gas is used to reduce the likelihood of defects associated 
with high oxygen levels, which may include irregular melt 
track morphology, irregular melt pool surface tension, and 
spattering.80-83 The build plate, as shown in Figure  3A, is 
made of a material similar to the feedstock metal and can 
be preheated to minimize thermal gradients and reduce the 
buildup of thermally induced residual stresses or thermally 
induced part distortion.84 LPBF imposes process-specific 
design constraints on part geometry and material selection 
but offers an elevated level of design complexity compared 
to traditional subtractive manufacturing methods. The 
metal alloys that are compatible with LPBF include Ti, 
Al, Fe (steels), cobalt–chromium, Ni, and Cu-based alloys 
(analogously, any metal that can be welded).85 Similar 
to the single-material LPBF process, in MM-LPBF, the 
powder that is not melted is retained in the powder bed 
while dissimilar material is deposited over it, following a 
process analogous to single-material LPBF. The dissimilar 
material powder spreading mechanism in MM-LPBF 
comprised various methods, such as (i) blade-based 
dissimilar material spreading, (ii) ultrasonic-based dual 
powder dispenser, (iii) electrophotographic-based dual 
powder dispense, and (iv) “blade + ultrasonic” hybrid 
powder spreading technique, which were used.40

Advantages of MM-LPBF include (i) the ability to 
manufacture intricate 3D structures monolithically,86 (ii) 
high resolution and rigorous build accuracy with dimension 
error lower than 100 µm,39 (iii) better processing accuracy 
compared to other metal-AM due to smaller powder size 
(10 – 50 µm),35 larger laser spot diameter (50 – 80 µm),36 
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and smaller layer thickness (<100  µm).37 Limitations of 
MM-LPBF include (i) limited build size, (ii) challenges in 
powder recyclability, and (iii) dependence on powder size 
and processing parameters.

2.2. Laser-directed energy deposition

Laser-directed energy deposition is defined as an “AM 
process in which focused thermal energy is used to fuse 
materials by melting as they are being deposited” by the 
ISO/ASTM 52900 standard.87 The LDED process deposits 
powder feedstock directly onto the substrate by melting 
it in a controlled heated region using focused energy in 
the form of a laser, electron beam, or plasma arc.88,89 The 
process of feeding molten powder or wire feedstock into 
a melt pool produced by the heat source beam builds 
material onto the substrate in a layer-wise process, followed 
by rapid solidification. The feedstock can be changed mid-
process to produce discrete or graded heterogeneous 
components with tailored material properties. Inert gases 
are used during the AM process to prevent the molten pool 
from being contaminated by unmelted powder particles or 
porosities.88 In multi-material LDED (MM-LDED), the 
fabrication process follows the same method as a single-
material LDED with the inclusion of dissimilar materials 
through powder ejecting nozzle from different hoppers 

(Figure 3B). These nozzles can be mounted onto a multi-
axis arm that moves around a fixed component or onto 
a tool head to deposit onto a component mounted in a 
five-axis vice.90 Given these capabilities, MM-LDED offers 
unique advantages and limitations, as summarized below.

Advantages of MM-LDED include (i) inherent 
functionality of depositing MM and location-specific 
material deposition,88,89,91 (ii) higher rate of deposition rates 
compared to PBF,88,92,93 (±2.5 kg/h for LDED vs. ±0.01 kg/h 
for LPBF vs. ±0.25  kg/h for EB-PBF),94 (iii) large-scale 
fabrication (compared to LPBF),92,93,95 and (iv) potential 
use for coating, cladding,96,97 and repairing damaged 
parts.98,99 Limitations of MM-LDED include (i) limited 
design freedom due to lower-dimensional accuracy and 
higher surface roughness,95,100 (ii) low powder efficiency 
and recyclability, particularly in MM, and (iii) possible 
shrinkage, residual stress, and deformation due to thermal 
process cycling. LDED is commonly paired with computer 
numerical control machining as a hybrid-AM solution to 
resolve the poor surface finish and achieve near-net shape 
geometry.93

2.3. Wire arc AM

Wire arc AM is a subset of LDED that uses a welding arc 
to generate a melt pool. WAAM is gaining more interest 

Figure 3. Summary of discrete multi-material (MM) additive manufacturing (MMAM) processes, interfacial characterization techniques, mechanical 
properties characterization, and industrial applications. (A-C) The three common methods of metal MMAM are MM-LPBF, MM-DED, and MM-WAAM. 
(D-F) Common methods of interfacial characterization, namely scanning electron microscopy,140 energy dispersive spectroscopy,140 and electron backscatter 
diffraction,57 respectively. Scale bar: 100 µm. Reprinted with permission from Bai et al.140 and Wei et al.57 (G-I) Methods of mechanical characterization of 
MMAM structures through indentation hardness testing140 and tensile testing with variations in material orientation.58 Reprinted with permission from 
Bai et al.140 and Chen et al.57. Copyright© Elsevier 2019. (J-L) Space applications of MMAM designs.49,59,23 Reprinted with permission from Wessel and 
Amsterdam,49 Schneck et al.,59 and Gu et al.23 Copyright© Elsevier 2021. 
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and traction in the AM community, especially for MMAM; 
hence, it is presented separately here and in subsequent 
discussions. In WAAM, a wire of heterogeneous 
characteristic materials is fed into the melt pool created 
by the welding arc along the designed path to form a 
component (Figure 3C). WAAM is compatible only with 
wire feedstock, like the feeding rods used in most welding 
processes. As a result, material restrictions include only 
materials that are ductile enough to be pulled into the 
wire. Weldable materials such as SS, Ni, Ti, and Al alloys 
are commonly used in WAAM.71,101 Like MM-LDED, 
multi-material WAAM (MM-WAAM) follows the same 
procedure as the dissimilar materials deposited through a 
wire-fed nozzle. Building upon the basic WAAM process, 
the major advantages and challenges associated with 
MM-WAAM are outlined below.

The advantages of WAAM coincide with those of 
LDED. While WAAM offers a higher deposition rate than 
PBF, it comes at the expense of increased surface roughness 
and reduced dimensional accuracy. To improve the 
surface finish and dimensional accuracy, components are 
often required to undergo post-processing or subtractive 
machining to produce near-net shape geometry. Alongside 
a higher deposition rate, WAAM is associated with an 
inexpensive machine cost, simple configuration, high 
efficiency, and large-scale component fabrication.71,102-105

2.4. Mechanisms of melt pool formation

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

In all metal MMAM processes, many studies 
characterize the interface as having grain refinement and 
report an increase in hardness across the transition. For 
processes such as MM-LPBF, a high cooling rate (107 K/s) 
compared to other laser or arc-welding processes (103 K/s) 
may cause additional grain refinement. Grain refinement 
may be further exaggerated for all processes while printing 
bi-metallic structures, which pair highly conductive 
materials (such as Cu alloys) with a moderate alloy (such 
as steel), wherein the highly conductive material may act 
as a heat-sink and expedite the cooling rate of the more 

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

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

2.5. Alloy compatibility in MM mixtures

Achieving compatibility between dissimilar alloys in 
bimetallic structures is a critical challenge, as differing 
physical, chemical, and mechanical properties of each alloy 
can significantly influence the performance and longevity 
of the components. The alloys are designed precisely to 
tailor the elemental proportions and thermomechanical 
processing conditions to generate the ideal microstructural 
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features and mechanical properties.39 In FGM, the element 
composition typically varies throughout the structure, 
with the ratio of elements varying with respect to the 
build height. A minor deviation in element content from 
the intended composition could disrupt the alloy’s 
performance and fundamental properties.106 In the discrete 
MMAM, the abrupt change of composition could act as a 
chemical potential gradient that drives alloying elements 
and impurities from one side to another, leading to failure 
mechanisms. Similar behavior could be observed in a 
steep property gradient of FGM, which serves as a residual 
stress concentration site during manufacturing. Besides 
the chemical composition of the alloys, properties such as 
thermal conductivity and melting temperature can prevent 
the successful joining of dissimilar alloys.

To better understand these challenges, Reichardt et al.106 
noted that most dissimilar joining issues can be grouped 
into three distinct categories: (i) Intermetallic formation 
and solubility limitations, (ii) thermal property mismatch, 
and (iii) other metallurgical effects. In Section 3, which 
focuses on the interfacial characteristics of the discrete 
MMAM structure, the aforementioned phenomena can be 
observed. Many of these issues have been resolved in the 
welding industry through effective practice of introducing 
filler metals, interlayer blazing, high energy density beam 
welding, and friction stir welding.42,106-108 The three main 
categories of joining issues and strategies to overcome 
each will be examined in more detail. From those, the 
formation of brittle intermetallic phases in dissimilar 
alloys is the biggest challenge in the MMAM process. 
Most metal alloys have limitations in solid solubility and 
tend to form ordered intermetallic phases. This becomes 
more complex when considering commercial alloys 
with multiple elements, including impurities that could 
lead to detrimental phases. In cases of Ti/steel or Ti/Ni 
alloys (Sections 3.1, 3.2, and 3.3 for more explanation), 
which tend to form brittle intermetallic approaches such 
as introducing a third dissimilar metal alloy that acts as 

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

The disparity between the thermal properties of 
dissimilar alloys, such as melting temperature, CTE, and 
thermal conductivity, is one of the issues that contribute 
to weaker metallurgical bonding. During the MMAM 
process, significant differences in melting temperature not 
only lead to a non-uniform heat flow and dilution but also 
tend to cause cracking on the low melting temperature alloy 
side during solidification (e.g., SS316L/W).109 The cracking 
attributed to this mismatch in melting temperature can 
be mitigated by introducing an intermediate melting 
temperature alloy. Similar to the characteristics difference 
of dissimilar melting temperature, CTE, and thermal 
conductivity play a significant role in the interfacial 
bonding region of the bimetallic structures. Regarding 
CTE, thermal mismatch can result in an unequal thermal 
contraction, leading to a stress concentration at the 
interface. The disparity of thermal conductivity could cause 
distortion and a lack of complete fusion of the low thermal 
conductivity material due to insufficient heat present. In 
Section 3, a detailed description of the bimetallic structures 
that were analyzed using EDS, electron backscatter 
diffraction, and X-ray diffraction to understand the alloy 
compatibility at the abrupt change in element composition 
in discrete MMAM is presented.

2.6. Powder recyclability and reuse

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

Table 1. A comprehensive summary of the empirical literature on the metallurgical bonding in bimetallic multi‑material additive 
manufacturing

                            Deposited material
Base material

Titanium 
alloy

Stainless 
steel alloy

Nickel alloy Aluminum 
alloy

Copper alloy Ferrous 
alloy

Miscellaneous 
alloy

Stainless steel alloy 122,123 124,125 91,126‑138 50 33,56,58,128, 
139‑146

147 148,149

Titanium alloy 150‑153 154 155 — 55 — —

Nickel alloy 52,156 91,131,132, 
157‑161

— — 47,162,163 164 —

Ferrous alloy 165 166 — — 167,168 169,170 171

Aluminum alloy — — — 172‑174 175 176 177

Copper alloy — 178 — — 179 — —

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


Multi-material additive manufacturing of metals

Engineering Science in 
Additive Manufacturing

Volume 1 Issue 2 (2025)	 8� doi: 10.36922/ESAM025180010

reactive chemical compounds, and contact with mechanical 
components present in the build chamber (i.e., recoater).110

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

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

The use of degraded powder affects key mechanical 
properties, including chemical composition, density, 
porosity, tensile strength, and surface roughness. In single 
alloy materials, the use of recycled powder can lead to a 
gradual change in chemical composition, particularly in 
critical alloys such as IN718111 and Ti-48Al-2Cr-2Nb,112 
which in turn influences the mechanical properties. Studies 
on density and porosity have shown that reused powder 
can lead to lower or less predictable part densities, driven 
by uneven particle size distributions, increased spatter 
presence, and incomplete melting.

Beyond the chemical composition, density, and 
porosity, the use of recycled powder has been shown to 
have a significant effect on the material’s tensile properties. 
Properties such as ultimate tensile strength (UTS), yield 
strength (YS), Young’s modulus, and elongation have seen 
the most change, though the extent varies with the alloy. 
Tang et al.113 observed that the use of recycled Ti-6Al-4V 
powder alloy resulted in an increase in strength due to 
high oxygen content, whereas SS316114 and AlSi10Mg115 
typically exhibit reduced strength and stiffness, mainly due 
to higher porosity and coarser particle sizes.

Finally, surface roughness is another critical factor that 
is affected by powder reuse. Recycled powders often contain 
larger particles that do not fully melt, leading to a rougher 
surface finish. This not only degrades the build quality but 
also increases the need for post-processing, which is both 
costly and time-consuming. Studies involving SS316,114 

Ti-6Al-4V,116 and IN718117 confirm that surface roughness 
worsens with powder reuse, potentially compromising 
fatigue resistance and overall component performance.

Given this detailed understanding of powder 
degradation and its consequences, it is essential to explore 
the current state-of-the-art recycling techniques. These 
range from mechanical to advanced approaches. For a more 
in-depth understanding, the authors recommend reviewing 
the articles by Lanzutti and Marin118 and Powell et al.110 A 
range of powder recycling and rejuvenation techniques has 
been explored; conventional strategies include mechanical 
methods (e.g., sieving and centrifugal separation), thermal 
treatment (e.g., vacuum degassing, re-sintering, and 
conventional remelting), and chemical approaches (e.g., 
acid and electrochemical etching). Emerging technologies 
such as plasma cleaning and plasma spheroidization offer 
promising methods as well. Plasma cleaning uses ionized 
gas to remove surface contaminants (e.g., moisture and 
trapped gases), whereas plasma spheroidization reshapes 
irregular powder particles to improve flowability and 
packing density.

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

2.7. In-process monitoring

In-process monitoring has emerged as a critical enabler 
for ensuring process stability, defect mitigation, and 
quality assurance in MAM, particularly when fabricating 
MM components. In-process monitoring in PBF, LDED, 
and WAAM processes benefits from in-situ monitoring 
techniques aimed at detecting defects and ensuring part 
quality during fabrication. In PBF, monitoring focuses on 
powder spreading uniformity, laser-powder interactions, 
melt pool characteristics (size, shape, and temperature), 
scan path accuracy, and layer geometry. Optical imaging, 
pyrometry, infrared (IR) cameras, and data-driven 
methods such as computer vision and neural networks 
are commonly used to identify defects such as porosity or 
incomplete fusion.119,120 Real-time monitoring facilitates 
process parameter adjustments to reduce defects and 
improve part consistency.

Similarly, in LDED, monitoring methods include 
pyrometry, IR imaging, and acoustic emission (AE) 
sensors to track melt pool temperature, build height, and 
crack formation. These sensors enable closed-loop control 
strategies to maintain stable thermal conditions and 
geometry, improving material uniformity and reducing 
defects.120,121 WAAM uses comparable optical and thermal 
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techniques, such as near-IR cameras and optical emission 
spectrometry, to monitor melt pool integrity and surface 
finish. Emerging approaches like 3D laser scanning have 
also been applied to detect geometric deviations during 
builds.

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

3. MM bimetallic interfacial 
characterization
The microstructures at the interfaces between dissimilar 
materials play a crucial role in dictating the mechanical 
properties of MMAM components. In the context of 
bimetallic structures, the materials involved often possess 
similar atomic bonds, as well as comparable physical 
and chemical properties, including melting temperature, 
CTE, thermal conductivity, and elemental composition.39 
Consequently, a fusion region is formed at the interface 
of dissimilar materials, facilitating the interlocking of 
materials and thereby enhancing their metallurgical 
bonding strength. Such insights underscore the importance 
of understanding and optimizing microstructural 
characteristics for the advancement of MMAM.

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

3.1. Stainless steel-based bimetallic alloys

Understanding the bonding between SS and Ni has been 
explored numerous times (Table 1), with a few examples 
shown in Figure 4. This combination of alloys is relevant 
in extreme applications, including nuclear and aerospace, 
where properties such as high strength, corrosion and 
oxidation resistance, creep, and fatigue resistance are 
required.156,180 In the work by Bodner et al.,129 SS316L/
IN625 bimetallic structures were fabricated using liquid-
dispersed metal powder bed fusion. Due to the residual 
stress gradient at the interface, a zigzag-patterned crack 

Figure  4. Interfacial meso-  and microstructural characteristics of 
stainless steel and nickel-based bimetallic alloys fabricated through 
different multi-material (MM) additive manufacturing techniques. 
(A  and B) SS316/IN625 produced by MM-laser powder bed fusion 
(LPBF). Scale bar: 1 mm. Reprinted with permission from Bodner et al.129 
Copyright © 2020, Elsevier B.V. (C-F) SS316/IN625 MM-laser-directed 
energy deposition (LDED). Scale bars: 1  mm and 250 µm. Reprinted 
with permission from Chen et al.132 Copyright © 2020, Elsevier B.V. (G-J) 
SS316L/IN718 MM-LPBF130 and (K-M) SS316L/IN718 MM-LDED127. 
Scale bars: 5 µm, 10 µm, 25 µm, 100 µm, 200 µm and 250 µm. Reprinted 
with permission from Yusuf et al.130 Copyright © 2020, Elsevier B.V. and 
Ghanavati et al.127 The images highlight significant characteristics of the 
interfacial morphology, phase transformation, grain structure, growth, 
and bonding quality influenced by the process techniques and material 
combinations.
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propagated from the SS316L interface region and expanded 
into the IN625, as confirmed by scanning electron 
microscopy imaging. Such patterned cracks formed due 
to the implemented scanning strategy, which induced 
residual stresses and mismatches in CTEs between the sub-
layers (Figure 4A and B).

Similarly, Chen et al.132 fabricated multiple layers 
of SS316L/IN625 using MM-LDED to understand the 
microstructural characteristics at two types of interfaces: 
type  I (SS316L as a substrate) and type  II (IN625 as a 
substrate) (Figure 4C and D). This section focuses on type I 
interfaces, while type II will be discussed in Subsection 3.3. 
The type I interface exhibits a flat transition region due to 
less penetration compared to type  II (Figure  4E and  F). 
The shallower penetration in type I was attributed to the 
lower energy absorptivity and thermal conductivity of 
IN625 relative to SS316L. Fractography images revealed no 
cracks or pores at the interface due to the lower density 
and viscosity of SS316L compared to IN625. Beyond 
surface observation, the inverse pole figure map of the 
type  I interface exhibited fine columnar grains in IN625 
and equiaxed grains on SS316L. Similarly, in a hybrid-AM 
process where SS316L was fabricated using LPBF and 
IN625 using LDED, no cracks or porosity were visible on 
the surface,126 which validates the earlier findings. In all 
cases, the interface exhibited a good transition zone with 
smooth, defect-free bonding due to comparable melting 
points and CTE values of the two alloys.

The SS316L/IN718 interface has been similarly analyzed 
as the SS316L/IN625-LPBF interfaces. Yusuf et al.130 
observed that the transition zone exhibits equiaxed grain 
growth with a transition zone thickness of approximately 
100  µm and was characterized by columnar grains in 
the individual element-rich region (Figure  4G and H). 
Despite the presence of irregular-shaped lack-of-fusion 
pores (highlighted in red in Figures  4I and J), no cracks 
were detected. Similar observations were made by Mei 
et al.131 and Wei et al.,132 who attributed the formation 
of pores at the interface to energy-material mismatch 
and uneven powder deposition during the MM-LPBF 
fabrication. In contrast, Ghanavati et al.127 reported a 
nearly defect-free interface between SS316L and IN718 
(Figure  4K and L), which was attributed to the presence 
of a strong local temperature gradient at the interface. The 
microstructural solidification at the interface proceeded 
through a narrow planar solidification mode, driven by 
the high local temperature gradient.127 An EDS analysis 
confirmed a smooth transition from the Fe-  to Ni-rich 
region (Figure 4M).

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

metallurgical bonding. Considering the CTE of SS316L, 
IN625, and IN718, it is evident that IN718 has a lower 
CTE compared to IN625. In SS316L/IN625 structures, 
although the actual temperature increases from SS316L 
to IN625 due to the heat source, a gradual decrease in 
the liquid temperature within the transition zone inhibits 
the protrusion of SS316L into this region, resulting in 
a smoother interface. As reported by Bodnar et al.,129 
it is evident that the process parameters significantly 
influence the formation of zigzag cracks at the SS316L/
IN625 interface. In contrast, for SS316L/IN718 bimetallic 
structures, porosity and cracks were clearly observed in 
MM-LPBF rather than MM-LDED. This behavior was 
attributed to the formation of brittle intermetallic phases 
during solidification, coupled with the lower CTE of IN718 
compared to SS316L, which exacerbates thermal stress at 
the interface.

Besides the influence of brittle intermetallic phase 
formation and CTE, the authors speculate that the shielding 
gas flow rate differences between SS316 and IN718 could 
potentially have an impact on the interfacial porosity 
formation, attributed to the deposition of spattering and 
welding plume. The lack of data on shielding gas flow rate 
at the interface provides no evidence of the influence of gas 
flow rate but could be found on monolithic materials of 
SS316181 and IN718.182

Stainless steel/Cu alloy combinations are utilized in 
fields such as energy55 and automotive,49 leveraging the 
mechanical strength of SS and the high thermal conductivity 
of Cu. Figure  5 illustrates the interfacial microstructural 
characteristics of dissimilar SS/Cu materials with various 
Cu alloys.

A bimetallic SS316L/C18400 structure fabricated 
through MM-LPBF exhibited sporadic cracking (Figure 5B) 
on the SS side of the interface, with a transition width of 
750 µm (Figure 5A).141 These cracks were attributed to the 
thermal mismatch between SS and Cu, whereby Cu diffuses 
into austenitic grain boundaries of SS316L, exerting 
pressure and causing cracking. Optical microscopic images 
revealed SS-rich regions free of porosity or defects, while 
a considerable number of pores were observed on the 
Cu-rich region due to the high reflectivity and thermal 
conductivity of Cu (Figure  5C and D). EDS analysis 
revealed a good metallurgical bonding between SS316L 
and C18400. With the understanding of the interfacial 
characteristics of SS316L/C18400, the bimetallic structure 
of SS316L/C25400 could also be examined. Similarly, an 
SS316L/C25400/SS316L MMAM structure manufactured 
using MM-LPBF exhibited characteristics akin to the 
SS316L/C18400. Bai et al.140 observed the formation 
of a few cracks at the transition region extending to the 
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SS316L-rich region, attributed to the high content of Cu 
(Figure  5E-G). Further analysis revealed that the cracks 
formed within the SS-rich region were visible from high-
resolution optical microscopy (Figure 5F and G; indicated 
by the yellow arrows).

Extensive research on SS316L/CuSn10 bimetallic 
structures has concluded that good metallurgical bonding 
between SS/Cu is achievable.58,139,142,183 The width of the 
transition zone between SS316L/CuSn10 and CuSn10/
SS316L was about 400  µm and 160  µm, respectively, 
indicating a higher bonding strength on the SS316L/
CuSn10 side compared to the CuSn10/SS316L side.56 

An irregular elliptical island-like heterogeneous phase 
appeared in both material-rich regions due to the high-
energy laser beam penetrating through several layers to 
re-melt the solidified SS316L.56,58,142 The rapid movement 
of the laser beam caused the molten pool to be unstable. 
However, CuSn10/SS316L exhibited fewer cracks than 
SS316L/CuSn10. The crack formation was attributed 
to liquid metal embrittlement, driven by differential 
elemental diffusion rates at high temperatures, consistent 
with the Kirkendall effect, similar to observations by 
Liu et al.56 Similarly, in SS316L/C18400141 and SS316L/ 
C2540056 bimetallic structures, cracks were observed at 
the transition region and extended toward the SS-rich 
region in both alloy combinations due to the high residual 
stress in SS316L owing to its low CTE. A similar behavior 
was observed in the SS316L/Cu/Ti-6Al-4V123 MMAM 
structure using a Cu-alloy as an intermediate bonding 
layer (IBL).

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

In addition to the SS/Cu bimetallic structure, SS316L/Zr 
and SS410/Zr bimetallic structures exhibited vertical cracks 
during fabrication due to the differences in CTE and 
dissimilar thermal properties.171 In contrast, SS316L/17-
4PH structures displayed a smooth transition without 
intermetallic phase formation, attributed to the similarities 
in thermal conductivity and CTE and a narrow thermal heat 
gradient between the two materials.147 Finally, SS316L/W 
bimetallic structures exhibited larger, irregular pores in the 
SS-rich region, which were closer to the transition region. 
These pores and cracks were formed due to inadequate 
process optimization, excess thermal stress gradient from 
high heat input from the molten pool, and mismatch of 
CTE values between the two materials.148 From all the above 
miscellaneous studies, it was evident in SS316L/Zr, SS410/
Zr, and SS316L/W that thermal properties such as thermal 
conductivity, CTE, and temperature gradient played a 

Figure  5. Interfacial meso-  and microstructural characteristics of 
stainless steel and copper bimetallic alloys fabricated through multi-
material-laser powder bed fusion. (A-D) SS316L/C18400141 and (E-G) 
SS316L/C52400140. Scale bars: 20 µm, 50 µm, and 100 µm, magnifications: 
(E and G) 300×. Reprinted with permission from Liu et al.141 (Copyright © 
2014, Elsevier Inc.) and Bai et al.140 (Copyright © 2020, Elsevier Inc.). The 
images reveal the interfacial characteristics associated with each copper 
alloy composition, highlighting variations in metallurgical bonding, 
porosity formation, elemental diffusion, and phase transformation.
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significant role in determining the metallurgical bonding 
between dissimilar materials.

3.2. Titanium-based bimetallic alloys

A Ti-6Al-4V/Ti-5Al-2.5Sn bimetallic structure, 
manufactured via MM-LDED and tested by Wei et al.,151 
exhibited high-quality metallurgical bonding, attributed 
to optimized deposition parameters. Throughout the 
entire specimen, defects such as pores, cracks, and lack of 
fusion were notably scarce, underscoring the efficacy of the 
employed parameters and the presence of extremely high 
thermal gradients along the build direction.151 In addition, 
an EDS line scanning profile of the as-built specimen 
revealed an interdiffusion region spanning 70 μm at the 
interface, with the elemental composition transitioning 
from Tin (Sn)-dominant to Vanadium (V)-dominant. A 
strong Marangoni convection allowed the V elements to 
move downward and the Sn elements to move upward 
within the molten liquid. This well-interfacial bonding 
between dissimilar materials increased its strength 
compared to Ti-5Al-2.5Sn layers. The physical and thermal 
properties of Ti-6Al-4V and Ti-5Al-2.5Sn were consistent, 
which is evidently represented in the interface bonding, 
indicating a smooth transition of elements from one side 

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

In contrast, the interface in a Ti-6Al-4V/SS410 
bimetallic structure observed by Onuike et al.154 exhibited 
a narrow (15 µm) transition region with numerous cracks 
perpendicular to the interface due to the immiscibility 
of SS and Ti alloy. Both materials were discerned by a 
thin layer of phase mixture (Figure 6A). To overcome the 
immiscibility of Ti-6Al-4V and SS410, niobium (Nb)154   
and Ni-chromium alloy (NiCr)122 were used as an IBL to 
optimize the metallurgical bonding. Ti-6Al-4V/Nb/SS410 
fabricated using MM-LDED showed a good metallurgical 
bonding with no cracks or de-bonding. Due to the 
Marangoni convection, an upward movement of elements 
such as Ti, V, and Nb into the SS410 layer was observed using 
EDS (Figure  6B). Notably, no brittle intermetallic phases 
(e.g., FeTi and Fe2Ti) were detected at the IBL, emphasizing 
the role of Nb as an intermediate bond and diffusion barrier 
layer. This highlights its effectiveness in mitigating brittle 
intermediate phases and reducing thermal stresses.

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

Figure  6. Interfacial characteristics of titanium (Ti)-based bimetallic structures. These structures were fabricated using (A) Ti-6Al-4V/NiCr/SS410 
MM-laser-directed energy deposition (LDED)122 and (B) Ti-6Al-4V/Nb/SS410 MM-LDED.154 The images reveal the interfacial evolution and metallurgical 
bonding behavior across the Ti-base alloy combination with interlayer, with particular emphasis on elemental transition, interlayer strategies, crack 
formation, and phase formation. Scale bars: 10 µm, 50 µm, 200 µm, 400 µm, 500 µm, and 0.5 mm. Reprinted with permission from Sahasrabudhe et al.122 
(Copyright © 2014, Elsevier B.V.) and Onuike and Bandyopadhyay156 (Copyright © 2018 Elsevier B.V.). 
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attributed to the inadequate energy input during NiCr 
layer deposition.122 Nevertheless, Ti-6Al-4V/NiCr has 
amalgamated and formed a strong overall bonding, as 
evidenced by the presence of light and darker circles, as 
observed in Figure 6A. The disparity in thermal properties 
between Nb and NiCr contributes to the observed porosity 
in Ti-6Al-4V/NiCr/SS410 but not in Ti-6Al-4V/Nb/SS410. 
This underscores the importance of material compatibility 
and thermal characteristics when selecting intermediate 
materials. Another interesting investigation looked at the 
effect of transition joints on the interfacial characteristics 
in Ti-6Al-4V/TiC. Using dual-material transition joints, 
two distinct joints - (1) Butt joint and (2) interlock 
joints illustrated a crack-free interfacial bonding.150 
These findings shed light on the effectiveness of different 
joint configurations in achieving a strong and seamless 
bond, providing valuable insights toward the design and 
fabrication of dual-material transition applications. Owing 
to the similar physical and thermal properties of Ti-6Al-4V 
and TiC, the resulting bonds exhibited defect-free surfaces 
and microstructural characteristics resembling those 
observed in Ti-6Al-4V/Ti-5Al-2.5Sn joints.

3.3. Nickel-based bimetallic alloys

Bimetallic structures of IN718/SS316L159 and IN625/
SS316L,132 fabricated using MM-LPBF and MMLDED, 
respectively, exhibited similar wavy characteristics at the 
interface. These distinctive characteristics are caused by 
the high degree of molten pool banding, compared to the 
interface between SS316L/IN625, as explained in Section 
3.1 (Figure 4C, D, and F). The interface exhibited epitaxial 
growth, implying that irregular-shaped coarse grains are 
observed at the transition/composite zone. At the IN718/
SS316L interface, Duval-Chaneac et al.159 observed a 
minor crack formed due to liquation cracking (Figure 7A). 
Liquation cracking occurs due to the rapid solidification 
of alloys with high alloying content, which widens the 
solidification range and promotes the formation of 
liquation cracks. Notably, both Ni-based systems exhibited 
interfacial cracks resulting from solidification-induced 
stresses and the absence of compensating melt flow. In 
contrast, a Ni/Cu bimetallic structure demonstrated poor 
metallurgical bonding, with strong interfacial adhesion 
between the two alloys.184 The high thermal conductivity of 
Cu allowed deeper penetration into the Ni-based substrate, 
promoting diffusion and metallurgical integration. Onuike 
et al.184 examined IN718/GRCop-48 bimetallic structure 
fabricated using LDED and observed poor interfacial 
bonding, characterized by metal lump formation and the 
balling phenomenon. This was attributed to the extreme 
differences in thermal properties and poor diffusion 
compatibility. To address this, a compositional gradient 

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

Similar to previous studies, the interfacial characteristics 
of IN718/Ti-6Al-4V156 and NiTi/Ti-6Al-4V52 were observed 
to form lateral cracks with no visible crack formation. The 
lateral crack formation at the interface between IN718/
Ti-6Al-4V was due to the larger dissimilarities in CTE 
and immiscibility, which inhibit bonding; the crack 
was later overcome by introducing a vanadium-carbide 
compositional bonding layer (Figure 7B). Vanadium-
carbide serves as a bonding link for dissimilar materials and 
minimizes the formation of brittle intermetallic phases.156 
However, due to the close range in thermal properties 
between NiTi and Ti-6Al-4V and NiTi’s secondary 
dominant composition being Ti-element, the interface 
exhibited good metallurgical bonding. Bartolomeu et al.52 
indicated that, due to the MM-LPBF fabrication strategy 
(removing excess powder before adding Ti-6Al-4V) along 
with adequate process parameters, the number of cracks 
was reduced, and good metallurgical bonding was achieved.

Figure 7. Interfacial characteristics of nickel (Ni)-based bimetallic alloys 
fabricated through multi-material laser powder bed fusion (MM-LPBF) 
and mixed-material laser-directed energy deposition (MM-LDED). 
(A) IN718/SS316L produced by MM-LPBF159 and (B) IN718/Ti-6Al-4V 
produced by MM-LDED.156 The images reveal minor crack formation, 
metal lump formation, and delamination at the interface across different 
material combinations and process techniques. Scale bars: 10 µm and 
50 µm. Reprinted with permission from Onuike and Bandyopadhyay156 
(Copyright © 2018 Elsevier B.V.) and Duval-Chaneac et al.159 (Copyright 
© 2021 Elsevier Ltd.). 
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Lastly, a Ni-Al alloy dissimilar material composition 
was studied by Liu and Dupont.185 They observed high 
solidification and sub-solidus cracking susceptibility, 
as well as porosity formation. The porosity formation 
was caused by the use of water-atomized Ni rather than 
gas-atomized Ni, and the cracks were formed due to the 
combined effect of high thermal stress and brittleness of 
the intermetallic. Subsolidus cracking and porosity were 
formed at the interface due to differences in thermal 
properties.

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

In the Fe/SS (P21/SS316L)166 bimetallic structure fabricated 
using MM-LDED, a good metallurgical bonding without 
cracks, pores, or unmelted particles was observed at 
the interface due to the rapid cooling and steep thermal 
gradient. The P21 morphology consisted of diminutive 
austenite and mostly of martensite. However, the interface 
of H13 (ferrous alloy)/Cu was observed to be discrete 
compared to Fe/SS, where micro-cracks and pores were 
observed even though Cu was able to adhere to H13 
(Figure  8A and B). The cracks were formed due to the 
solidification cracks and higher CTE variation between 
H13 and Cu and propagated perpendicularly towards the 
H13 region.167 However, in the 18Ni300/CuSn10 bimetallic 
structure, the interface appeared relatively loose, with small 
pores and interfacial mixing of α-Fe and α-Cu phases, as 
evidenced by scanning electron microscopy and EDS 
mapping. In contrast, in the CrMn/MS1 (ferrous/ferrous 
alloy) bimetallic structure, the interface exhibited a good 
metallurgical bonding with no cracks or pores, attributed 
to its similar thermal properties. At higher magnification, 
a curved solidification characteristic was visible due to the 
Marangoni convection (Figure 8C-F).169

In studies where Al was the base material, Wang et al.172 
and Sing et al.175 investigated Al-12Si/Al-Cu-Mg-Si and 
Al-12Si/C18400, respectively. In Al-12Si/Al-Cu-Mg-Si, 
the interface exhibited good metallurgical bonding with 
no pores and few defects on the base material due to 
a similarity in their thermal properties. However, the 
Al-12Si/C18400 interface exhibited cracks compared to 
the Al-12Si/Al-Cu-Mg-Si due to the dissimilarities in CTE, 
resulting in uneven expansion and contraction during 
solidification.186 However, a good metallurgical bonding 
was indicated with a transition region of 200 µm in both 
cases.

Both bimetallic structures Cu-Cr/07Cr15Ni5178 and T2 
(Cu alloy)/MS1179 exhibited defects such as cracks and pores 
due to the high thermal conductivity of Cu-Cr, insufficient 
energy applied during manufacturing, and variations in 

process parameters. In the bimetallic structure of Cu/MS1, 
specimens were fabricated by Tan et al.179 using LPBF at 
different scanning speeds (500 – 1,250 mm/s). At low scan 
speeds (500 – 950  mm/s), the interface exhibited good 
metallurgical bonding. However, at high scan speeds (1,100 
and 1,250 mm/s), cracks due to residual stress and pores 
due to lack of fusion were observed (Figure  8G and H). 
High thermal conductive Cu enhanced the metallurgical 
bonding mechanism through Marangoni convection, 
contributing toward interfacial elemental diffusion and 
bonding strength.

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

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

4.1. Micro-hardness/micro-indentation

Hardness testing is often conducted on MMAM specimens 
as a preliminary test, following the ASTM standard 
E384187 for small-  or large-scale specimens. Hardness 
testing provides data about the material’s resistance to 
deformation, indentation, scratching, or penetration. 
From the empirical studies collected (Table  2), hardness 
testing is one of the most widely adopted testing methods 
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Figure  8. Interfacial characteristics of iron-  and copper (Cu)-based bimetallic structures fabricated through mixed-material laser powder bed fusion 
(MM-LPBF) and mixed-material laser-directed energy deposition (MMLDED). (A and B) H13/pure Cu produced by MM-LDED,167 (C-F) CrMn/MS1 
produced by MM-LPBF,169 and (G and H) T2/MS1 produced by MM-LPBF.179 The images reveal the interfacial morphology, metallurgical bonding, 
elemental diffusion, and microstructural characteristics. Scale bars: 10 µm, 20 µm, 30 µm, 50 µm, 100 µm, and 200 µm, magnifications: (A) 1200×, 
(B) 1500×, (E) 300×, (F) 1000×. Reprinted with permission from Zhang et al.167 (Copyright © 2020 Elsevier B.V.), Bai et al.169 (Copyright © 2020 Elsevier 
B.V.), and Tan et al.179 (Copyright © 2018 Elsevier Ltd.). 
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as it provides valuable insight into the mechanical integrity 
and performance of the components.

In bimetallic structures such as SS316L/Ni126,127,129,131,157 
and Ni/SS316L,131,158-160 the interface region exhibits a 
smooth transition from higher to lower hardness level 
or vice versa, reflecting the changes from one material 
to another. The literature revealed a smooth gradient in 
hardness across the interface, with bulk-Ni alloys such as 
IN718 and IN625 exhibiting a hardness level of 304±16 
HV and 260±13 HV, respectively. Feenstra et al.157 noted 

that increasing the laser power resulted in a decrease in 
hardness, particularly at the interface region. Interestingly, 
the incorporation of carbon fiber IBL in IN718/SS316L 
MMAM structures resulted in a 1.5 to 2-fold increase in 
microhardness relative to the monolithic materials. The 
increase in hardness is attributed to the formation of 
chromium-rich carbides at the interface.158 Beyond the 
general observation of a gradual hardness transition, both 
laser power and incorporation of an IBL have been shown 
to significantly influence the hardness level. These trends 
in SS/Ni structures offer a useful comparison to other 
bimetallic structures, such as SS/Cu, which are discussed 
in the following sections.

Similarly, the MMAM structures composed of SS316L/
Cu139 or Cu/SS316L56 exhibited similar hardness transitional 
behavior to that of SS316L/Ni. Specifically, in SS316L/
Cu, hardness levels descend from 240 ± 37 HV (SS316L) 
to 156 ± 4 HV, 181 HV, and 74 HV for CuSn10, C52400, 
and C18400, respectively (Figure 10A).  A  reverse trend 
is noted when transitioning from Cu to SS316L (Figure 
10B). A smooth transition between SS and Cu alloys was 
revealed, attributed to the variation in Fe and Cu content 
in the melt pool and grain refinement at the interface. 
Supporting these observations, Meyer et al.139 Liu et al.139 
observed a higher hardness level of 248.6 ± 22.5 HV in the 
diffusion zone when compared to the monolithic material 
region of SS316L and CuSn10. This increase is attributed 
to the presence of highly refined grains, which hinder 
dislocation movements and enhance microhardness, in 
addition to strain hardening induced by micro-strains. 

Table 2. Mechanical testing of each bimetallic combination

Deposited 
material
Base
material

Titanium 
alloy

Stainless steel alloy Nickel alloy Aluminum 
alloy

Copper alloy Ferrous alloy Miscellaneous 
alloy

Stainless steel 
alloy

A, B123 A126,127,129,130,  
(A, B)131,133,157

A56,128,140, 
(A, B, C, E, Fcom)58, (A, C)141, 
(A, B, C, E)142, (A, B)187

(A, Fcom)144,166 (A, C)148

Titanium alloy (A, Fcom)188, 
(A, B)189,151, 
(A) 122

E154 A155 A57

Nickel alloy (A, FShear)
52, 

(A)156
(B) 131, (A, Fwear)

158,
(A, Ffat)

159, (A)160
(A)47, (A, FT herm)184

Ferrous alloy (Fcom)166,  
(B, D, FFat)

170
A190 (B, E)179, (A, C)167 (A, B) 169,  

(B, D, FFat)
170

Aluminum alloy (A, C)172,173 (A, C, E)179, (A, E)175 A 167 A177

Copper alloy A, B, Fcom
176 A167

Note: The mechanical testing conducted on each bimetallic combination is denoted alphabetically. For detailed information on the alloy composition in 
a specific reference within the multi‑material additive manufacturing combination and specific experimental procedures, refer to Table A2.
Abbreviations: A: Hardness; B: Tensile strength (||); C: Tensile strength (=); D: Flexural strength (||); E: Flexural strength (=); Fcom: Compression; Ffat: 
Fatigue; FShear: Bond shear; Fwear: Wear performance; FT herm: Thermal diffusivity.

Figure  9. Build orientation of multi-material additive manufacturing 
samples that are used in the literature. Type A: Two distinctive materials 
stacked vertically. The dissimilar materials meet at the horizontal 
interface. Type  B: Two material systems joined side by side along the 
vertical interface. Type  C: Two materials layered on top of each other 
horizontally, forming a horizontal interface. Type D: Similar to Type C, 
with the horizontal interface at the middle of the thickness of the specimen
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Figure 10. Representative hardness profile of various bimetallic structures fabricated through multi-material laser powder bed fusion (MM-LPBF) and 
multi-material laser-directed energy deposition (MM-LDED): (A) SS316L/CuSn10 (MM-LPBF);58 (B) SS316L/C25400/SS316L (MM-LPBF);56 (C)H13/Cu 
(MM-LDED);167 (D) Al/W (MM- LDED);177 (E) Al12Si/Al3.5Cu1.5Mg1Si (MM-LPBF).172 These profiles illustrate the hardness gradient across interfacial 
regions, capturing effects due to material mismatch, processing parameters, and interlayer presence. The hardness data represent transitions across 
interfaces and highlight the influence of process conditions, elemental diffusion, and interlayers on local mechanical response.

DC

BA

E

The hardness level transition in the bimetallic structure 
of SS/Cu revealed that the grain refinement, elemental 
diffusion, and strain hardening played a significant role in 
the hardness of the components.

Extending this trend to SS-based MMAM structure, the 
interface region of SS316L/P21141 and SS316L/17-4PH147 

revealed a smooth transition of hardness. This behavior was 
attributed to residual stresses and the finer microstructure 
inherent to these combinations of dissimilar materials. The 
bulk hardness values of P21 and 17-4PH were reported 
as 330 HV and 312 HV, respectively, while the interface 
between SS316L/17-4PH and SS316L/P21 exhibited an 
average hardness of 232±7 HV. Unlike SS/Fe MMAM 
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structures, the interfacial region of SS316L/tungsten 
exhibited a higher hardness of 543±3.7 HV compared to 
the SS316L and tungsten-rich region, which exhibited 
392±1.6 HV and 411.7±3.3 HV, respectively.148

This increase in hardness is due to the secondary phases 
like Fe2 W, Fe3 W3 C, and Fe6W6 which disperse high levels 
of hardness due to the presence of brittle and intermetallic 
compound (IMC) phases. In bimetallic structures with 
SS316L as the substrate, it was revealed that the hardness 
mostly exhibited a smooth transition, besides cases having 
a poor interfacial characteristic (discussed in Section 3), 
which has influenced the hardness at the interface by 
forming intermetallic phases that have higher hardness 
values.

A similar trend in interfacial hardening has been 
observed in other combinations of MMAM structures. 
Wei et al.151 studied the Ti-5Al-2.5Sn/Ti-6Al-4V structures 
and observed a smooth transition at the interface for both 
as-deposited and annealed specimens, noting a drop in 
overall hardness of the specimen due to the softening 
effect provided by the “α' → α” recrystallization process. 
Similar to the SS316/CF/IN718 structure, the influence 
of the IBL in Ti-6Al-4V/SS410 was also significant—with 
the introduction of IBL, such as Nb and NiCr—exhibiting 
distinct effects on interfacial hardness. The Ti-6Al-4V/Nb/
SS410 MMAM structures exhibited a smooth transition 
up to the interface with SS410, where the hardness value 
dropped due to the element diffusion and heat-affected 
zone.154 However, in Ti-6Al-4V/NiCr/SS410, the hardness at 
the interface was observed to be smoother compared to the 
specimens with an Nb IBL.122 In a Ti/Cu MM composition, 
it was observed that the hardness of the interface region 
increases with increasing Cu content, primarily due to the 
formation of hard IMCs and solid solution strengthening.123 
The transition through the interface in the Ti/Ti and Ti/
IBL/SS bimetallic structure revealed a smooth transition in 
hardness. In the Ti/Ti bimetallic structure, an overall drop 
in hardness was observed due to annealing, while in the Ti/
IBL/SS bimetallic structure, the presence of IBL influenced 
the interfacial region to form a smoother transition with 
no abnormalities.

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

Similar to the earlier findings, in the MMAM structures 
of NiTi/Ti-6Al-4V52 and IN718/Ti-6Al-4V,154 a smooth 
transition with no abrupt changes at the interface was 
observed during transitioning. In IN718/Ti-6Al-4V, the 

diffusion of chromium carbide particles into the IN718 
led to the formation of the Cr3C2 phase, which resulted 
in higher hardness at the interface compared to the bulk 
materials. Similarly, the IN718/Cu MMAM structures 
fabricated using MM-LPBF and MM-LDED revealed 
enhanced interface hardness. In MM-LPBF, this was 
attributed to rapid solidification effects from the localized 
laser remelting.47,184 However, the MM-LDED study did 
not provide detailed information on the interface or the 
transition in hardness. The studies on Ni/Ti and Ni/Cu 
revealed a smooth transition similar to the earlier bimetallic 
structure observation. In IN718/Ti-6Al-4V, the formation 
of intermetallic phases resulted in superior hardness than 
the bulk material. These findings further affirm that in 
MMAM structures, smooth interfacial transitions can 
be achieved even between highly dissimilar materials, 
with interfacial hardening predominantly influenced by 
elemental diffusion, intermetallic formation, and process-
specific thermal conditions.

In contrast, the hardness at the interface of H13/Cu 
did not exhibit a smooth transition. Instead, it exhibited 
a peak hardness at the interface attributed to the increased 
laser hardening, followed by a sudden drop, which was 
attributed to poor diffusion of elements (Figure 10C).167  
Similarly, in CrMn/MS1 bimetallic structures, a mostly 
smooth transition was observed, but with a sudden 
hardness increase at the interface, resulting from the 
influence of the presence of MS1.169 Overall, in the SS316L/
P21, SS316L/17-4PH, and CrMn/MS1 MMAM structures, 
a smooth transition from harder to weaker material was 
revealed, though CrMn/MS1 uniquely exhibited a localized 
hardness increase at the interface. In contrast, the H13/Cu 
bimetallic structure interface deviated significantly from 
this trend, showing a rapid hardness change due to laser 
hardening in the deposited H13 region and a subsequent 
drop caused by insufficient interdiffusion.

Additional insight into hardness behavior across 
dissimilar materials was observed in Al-based bimetallic 
structures. The hardness factors of Al/tungsten, AlSi10Mg/
C18400, and Al12Si/Al3.5Cu1.5Mg1Si MMAM structures 
were analyzed extensively,172,175 revealing unique 
behaviors at the interface and during transitioning. In 
the Al/tungsten bimetallic structure, a smooth transition 
from tungsten (high hardness) to Al (low hardness) was 
observed.177 In addition, the hardness throughout the 
sample increased as the scanning speed was reduced 
(Figure 10D). In AlSi10Mg/C18400, a gradual hardness 
decrease was observed from the Al-rich to Cu-rich regions, 
with anomalous hardness values exhibited at the interface. 
Such anomalous hardness values are due to the presence 
of brittle intermetallic Al2Cu, which results in hardness 
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ranges of 400 – 600 HV.175 In Al12Si/Al3.5Cu1.5Mg1Si 
MMAM structures, the interfacial region showed a sudden 
drop in hardness moving away from Al12Si.172 From the 
silicon-dominant region (zone II) to the Cu-dominant 
region (zone III) (Figure 10E), the hardness increased 
significantly. This was attributed to the microstructural 
shift from cellular to granular morphology, accompanied 
by the development of a <001> fiber texture. Beyond zone 
III, however, the hardness decreased again due to grain 
growth and increased silicon content.

4.2. Tensile strength

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

The tensile strength of SS/Ni bimetallic structures has 
been evaluated using different compositions of Ni-based 
alloys, such as IN625133,157 and IN718.131 For SS316/
IN625 structures fabricated in the Type-A orientation, 
Feenstra et al.157 and Ahsan et al.133 used MM-LDED and 
MM-WAAM, respectively. In both cases, the UTS was 
found to be greater than that of wrought and as-built SS316, 
with the bimetallic structures exhibiting a UTS of 577 ± 
16 MPa. Interestingly, elongation values ranged from 10 – 
15% in MM-LDED to 40% in MM-WAAM. Both studies 
reported dimple-like features on the fracture surfaces, 
suggesting ductile failure through micro-void coalescence. 
For SS316L/IN718 fabricated in Type-A orientation using 
MM-LPBF, UTS and elongation values were 596 ± 10 MPa 
and 28.1%, respectively—higher UTS than AM-SS316 but 
lower elongation than AM-IN718. Post-fracture analysis 
of the fracture surface revealed similar features to SS316/
IN625, with dimple-like characteristics leading to a mixed-
mode fracture, where the ductile mode was prominent. In 
both bimetallic structures, UTS values exhibited similar 
trends with a variation of 19 ± 19 MPa, and elongation 
remained within a comparable range. The root cause of 
failure in both cases was the formation of micro-voids at 
the interface, leading to ductile fracture and lower UTS 
compared to monolithic Ni-based alloys. Mitigating 
interfacial micro-voids could potentially enhance the 
mechanical performance of bimetallic structures.

Extending the evaluation to SS/Cu bimetallic 
structures, researchers have investigated various 

combinations fabricated using Cu alloys such as 
CuSn1058,139,183 and C18400.141 Chen et al.58 manufactured 
SS316L/CuSn10  specimens in both Type-A and Type-D 
orientations. In both cases, the tensile strength and 
elongation were lower than those of bulk SS316L, with 
UTS values of 423.3 ± 30.2 MPa and 459.1 ± 8 MPa, 
and elongation values of 4.6 ± 0.9% and 10.5 ± 1.7%, 
respectively. Type-D specimens exhibited slightly higher 
UTS and approximately 6% greater elongation than Type-A 
specimens (Figure  11A). Fractography revealed distinct 
fracture modes: Type-A specimens exhibited cleavage 
fracture (a brittle transgranular mode) at the interfacial 
layer, attributed to unmelted SS316 powder particles, 
whereas Type-D specimens demonstrated a mixed mode 
of transgranular and intergranular fracture, with brittle 
fractures concentrated at the fusion zone.

Liu et al.183 reported similar trends for Type-A 
orientation, although they observed lower tensile strength 
than that reported by Chen et al.,58 primarily due to the 
presence of pores and interfacial cracks. A  comparative 
study between LPBF and laser-welded structures indicated 
that LPBF showed higher tensile stress, attributed to finer 
grain structures formed under higher cooling rates.139 

Compared to SS316L/CuSn10,139 the tensile strength of 
SS316L/C18400 in Type-D orientation was lower (310 ± 
18 MPa. However, unlike in previous SS/Cu bimetallic 
systems, the fracture occurred on the Cu-side (the weaker 
material), indicating a well-formed metallurgical bond. 
Between CuSn10 and C18400, the latter showed improved 
bonding with SS316L, likely due to the lower reactivity of 
Fe–Cr compared to Fe–Sn. The Fe–Sn system is prone to 
form brittle intermetallic phases such as FeSn2. In addition, 
Type-D orientation marginally performed better than 
Type-A, which may be attributed to the larger bonding 
area of Type-D.

Extending beyond Cu-based bimetallic, SS316L has 
also been combined with dissimilar materials such as W148 
and Ti-6Al-4V,123 yielding varied interfacial characteristics. 
In MM-LPBF-fabricated SS316L/W (Type-D) structures, 
tensile strength increased from 239.7 MPa to 257.4 
MPa after heat treatment, while elongation improved 
significantly from 5.3% to 17%.148 This improvement was 
attributed to the transformation of the brittle fracture 
mode to a more ductile one, driven by the formation of 
Fe7W6 near the interface—an inherently hard and brittle 
phase. Fractures typically initiated on the W side of the 
interface. For SS316L/Ti-6Al-4V (Type-A) MM-LPBF 
structures, in which a Cu-alloy was used as an IBL, the 
scanning speed was a key parameter. Tey et al.123 observed 
that specimens built at 650 mm/s exhibited higher tensile 
strength and better bonding than those built at 350 mm/s. 
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This resulted in a predominantly ductile fracture mode, 
in contrast to the brittle failure observed in lower-speed 
builds. In the above-mentioned MM-LPBF structures, the 
presence of defects and porosity evidently contributed to 
premature failure compared to the bulk materials. In both 
SS316L/W and SS316L/Ti-6Al-4V systems, characteristics 
such as heat treatment and processing parameters played 
a critical role in determining tensile behavior. These 
improvements were largely attributed to the removal of 
brittle IMCs and the relief of through-thickness residual 
stresses. Elimination of IMCs facilitated a transition from 
brittle to ductile fracture modes in both systems.

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

tensile strength of Ti-5Al-2.5Sn/Ti-6Al-4V (Type-A) in 
as-deposited specimens reached a UTS of 1,034 MPa and 
an elongation of 4%, which is lower than that of forged 
Ti-alloys—primarily due to the formation of martensite 
microstructure.151 Similar to the SS316/W system,148 
heat treatment increased elongation by 10%, due to the 
decomposition of the martensite phase, which led to a 
significant improvement in the strength–ductility balance. 
Compared to forged and AM monolithic materials, 
the bimetallic UTS exceeded that of forged alloys but 
remained lower than their AM counterparts, whereas 
elongation showed the opposite trend. Fractography 
analysis of the as-deposited bimetallic revealed that the 
fracture occurred on the To-5Al-2.5Sn side, due to its 
lower hardness compared to Ti-6Al-4V. This observation 

Figure 11. Quasi-static tensile stress–strain response of selected bimetallic structures fabricated throughmulti-material laser powder bed fusion: (A) SS316L/
CuSn10;58 and (B) MS1/Cu;179 and (C) Ti-5Al-2.5Sn/Ti-6Al-4V.151 The graphs highlight mechanical behavior across bimetallic interfaces, including differences 
in strength, ductility, and elongation. A schematic representation of the build orientation is also provided, consistent with that in Figure 9.
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is validated by the hardness data presented earlier in 
Section 3.2.

MS1/Cu (Type-A)179 and CrMn/MS1 (Type-A)169 
bimetallic structures outperformed the weaker constituent 
materials when compared to the earlier examples. In the 
MS1/Cu system, specimens fabricated at various scanning 
speeds showed similar UTS and elongation, except for 
the one built at 1,250  mm/s. At this higher scanning 
speed, a fracture occurred at the interface rather than on 
the Cu side, which had been the fracture location in all 
other specimens (Figure  11B). As previously discussed 
in Section 3.1 (Figure  8G), the MS1/Cu interface at low 
scanning speeds exhibited good metallurgical bonding 
due to enhanced thermal conductivity and Marangoni 
convection. These effects, influenced by Cu and Fe 
dissolution, contributed to the solid-solution strengthening 
of the Cu at the interface. In the CrMn/MS1 bimetallic 
structure, specimens exhibited slightly higher tensile 
strength compared to wrought CrMn, but lower than AM 
MS1. The fracture occurred on the CrMn side, indicating 
good metallurgical bonding. As with earlier observations, 
tensile strength and elongation were influenced by process 
parameters, indicating that optimal scanning conditions 
can promote ideal metallurgical bonding. Notably, CrMn/
MS1 exhibited better tensile strength than wrought CrMn 
due to its improved bonding. Interestingly, bimetallic 
structures composed of the same alloy system but with 
different compositions (e.g., Ti-5Al-2.5Sn/Ti-6Al-4V) 
demonstrated better tensile behavior than the weaker 
monolithic constituent. This could be attributed to good 
metallurgical bonding and a defect-free interface.

Similar to the other same-alloy bimetallic structures, 
the AlSi10Mg/C18400 (Type-D) specimen exhibited 
higher tensile strength than C18400, but significantly lower 
than AlSi10Mg.175 Failure predominantly occurred on the 
Cu-rich side, reinforcing the notion that interfacial bonding 
between Al and Cu is stronger than the bonding within 
the Cu-rich region itself. Fractographic analysis revealed 
a mixed brittle and ductile fracture mode, with ductile 
features dominating. This was influenced by the presence 
of unmelted particles on the Cu side of the fracture surface, 
which acted as stress concentrators and initiated failure. 
Similarly, tensile testing of Al12Si/Al3.5Cu1.5Mg1Si 
(Type-A) revealed a higher YS of 267 ± 10 MPa compared 
to as-built LPBF bulk counterparts. However, the UTS was 
lower than that of the bulk materials due to differences in 
microstructure.172 Fractographic analysis revealed a brittle 
fracture mode approximately 200 μm from the interface 
on the Al12Si side, indicating good metallurgical bonding 
accompanied by localized embrittlement. Finally, for the 
Al6060/Al5087 (Type-A) bimetallic structure fabricated 

using MM-WAAM in the longitudinal direction, Hauser 
et al.173 reported that the YS of as-built monolithic Al6060 
was lower, and that of as-built monolithic Al5087 was 
higher than that of the bimetallic counterpart. Similar 
trends were observed for UTS values. Upon heat treatment, 
all specimens—including the bimetallic—experienced 
improved YS and UTS as expected. The UTS of the heat-
treated bimetallic structure was comparable to that of 
Al6060 and slightly lower than that of Al5087, confirming 
the beneficial influence of post-processing on mechanical 
performance. Consistent with earlier observations, porosity 
and defects negatively influenced mechanical properties in 
Al/Cu bimetallic structures. In contrast, Al/Al bimetallics, 
similar to other same-element combinations (e.g., CrMn/
MS1-Fe/Fe and Ti-5Al-2.5Sn/Ti-6Al-4V–Ti/Ti), exhibited 
good metallurgical bonding and superior mechanical 
performance compared to wrought material or monolithic 
as-built materials.

4.3. Flexural strength

Compared to other mechanical properties, the flexural 
strength of MMAM structures has received relatively 
limited attention. Among the available literature, ferrous-
based MMAM structures such as C300MS/AISI304 and 
C300MS/AISI1045CS, fabricated in Type-A and Type-D 
orientations (Figure  9), have shown promising results. 
Both bimetallic structures exhibited higher flexural YS 
and Ultimate flexural strength (UFS) compared to their 
monolithic counterparts.170 Notably, while the UFS of 
C300MS/AISI1045CS was 9.2% lower than that of its base 
material AISI1045CS, the C300MS/AISI304  specimen 
exceeded its monolithic counterpart by 2.5% (Figure 12). 
This suggests that interfacial strengthening in C300MS/
AISI304 is more effective, likely due to coherent grain 
orientation bridging across the interface, which enhances 
load transfer and structural integrity.

A similar interfacial effect was observed in MS1/Cu 
MMAM structures fabricated using LPBF in the Type-A 
orientation (Figure  9) under varying scanning speeds. 
The flexural strength varied significantly, attributed to the 
presence of defects and suboptimal processing conditions.179 
Among the tested parameters, a moderate scanning speed 
of 800 mm/s yielded the highest UFS of 557 ± 19 MPa, due 
to strong interfacial bonding and defect-free (Figure 12B 
[regarding flexural strength] and Figure  8G and H 
[regarding interfacial morphology]). Beyond the influence 
of process parameters, IBL additions can also affect the 
flexural properties of the MMAM structures. In SS316L/
CuSn10 and CuSn10/SS316L, the flexural strength differed 
due to the incorporation of tin–bronze (TB). Specifically, 
the addition of TB flexural strength by 20% in both 
configurations.58,142 Despite this reduction, both structures 
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exhibited good metallurgical bonding, though dendritic 
cracks were observed, attributed to CTE mismatch. The 
more significant reduction in flexural strength observed by 
Chen et al.142 compared to Chen et al.58 can be attributed to 
a wider transition zone, which compromises mechanical 
homogeneity across the interface. Finally, in AlSi10Mg/
C18400 MMAM structures, the orientation of the base 
material significantly influenced flexural performance. 
When Al served as the substrate, both flexural strength 
and strain were higher compared to configurations where 
Cu was the base material.175 This outcome is linked to the 
higher porosity and lower mechanical integrity of the 
Cu-rich region, emphasizing that most of the load-bearing 
capacity is retained by the Al side. In both cases, porosity 
formation at the interface, attributed to mismatch thermal 
properties, resulted in reduced flexural strength.

4.4. Compression strength

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

such as P21/SS316L166 and 17-4PH/SS316L,167 both of 
which employ ferrous alloys as base materials, distinct 
deformation behaviors were observed under compression 
loading. Post-failure analysis revealed that SS316L 
specimens exhibited axisymmetric plastic deformation, 
indicative of uniform plastic flow. In contrast, P21/SS316L 
deformed laterally due to differences in the compressive 
YS between the constituent materials. These experimental 
findings were validated by an FEA study, which accurately 
predicted the observed deformation patterns.166 Further 
details regarding the FEA methodology and results are 
discussed in Section 5. The observed deformation behavior 
can be further explained by considering the underlying 
plastic deformation mechanisms. Both 17-4PH and P21 
possess a body-centered cubic (BCC) structure, which 
impedes dislocation motion, while SS316L has a face-
centered cubic (FCC) structure that facilitates dislocation 
slip. This mismatch in crystal structure contributes to 
the axisymmetric barreling plastic deformation observed 
(Figure 13B and C). Furthermore, residual thermal stresses 
arising from mismatched CTE between the materials may 
also contribute to strain-hardening effects.147

Figure 12. Flexural stress–strain response of bimetallic structures fabricated through mixed-material laser powder bed fusion. (A) C300MS/AISI304 and 
C300MS/AISI1045 carbon steel;170 and (B) MS1/T2.179 The graphs illustrate the flexural strength at the interface of the bimetallic structures and the role of 
metallurgical bonding under flexural loading.
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In the 17-4PH/SS316L MMAM structure, the radially 
configured specimen exhibited a compressive YS of 654 ± 12 
MPa, outperforming the double-layered, single-layered, and 
monolithic SS316L structures, which showed a 526 ± 4 MPa, 
425 ± 7MPa, and 356 ± 17 MPa, respectively. This improvement 
in performance is attributed to the higher linear CTE of the 
outside casing (17-4PH) compared to the core (SS316L), 
and to the zig-zag deposition pattern, which functioned as a 
mechanical interlock, enhancing bond strength. Among all 
the tested specimens, a 1:1 premixed MM exhibited the lowest 
performance (Figure 13C), with a compressive YS of 303 ± 17 
MPa, attributed to a reduced volume fraction of solid-solution 
strengthening elements, such as Ni and molybdenum by 
37.5% and 40%, respectively.147

In a separate study, the compressive behavior of 18Ni300/
CuSn10 with varying percentages of structural porosity was 
evaluated.176 As expected, increasing porosity resulted in a 
systematic reduction in compressive YS, complicating the 
direct assessment of interfacial mechanical integrity due to 
the highly porous architecture of the specimens. Similarly, 
for the TiB/Ti-6Al-4V MMAM structure, the compressive 
response of a gyroid scaffold design was analyzed for 
both monolithic Ti-6Al-4V and bimetallic structures. The 
monolithic structure primarily exhibited a linear elastic 
zone, followed by an elastic–plastic transition before 
reaching ultimate strength. In contrast, the bimetallic 
lattice structure initially demonstrated a non-linear region, 
followed by a linear elastic response. The initial non-linear 

Figure  13. Compression testing of multi-material laser powder bed fusion steel-based bimetallic structures. (A and B) Corresponding numerical 
deformation simulations of P21/SS316L and time-stamped post-failure views (top and side);166 and (C) Compressive stress–strain curves for various 
17-4PH/SS316L configurations, including monolithic 17-4PH and SS316L, single-  and double-layer bimetallic, 1:1 premixed composition, and radial 
bimetallic design.147 These results present both experimental and numerical observations, highlighting the influence of architectural design and material 
distribution on compressive strength and deformation behavior.

C

BA

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


Multi-material additive manufacturing of metals

Engineering Science in 
Additive Manufacturing

Volume 1 Issue 2 (2025)	 24� doi: 10.36922/ESAM025180010

behavior was attributed to surface roughness, dimensional 
deviation of the upper surface, and unevenness of the 
bottom surface.189

4.5. Fatigue life

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

In a notable study, Tan et al.170 investigated the 
fatigue behavior of MMAM structures with ferrous base 
materials, specifically C300MS/AISI304 and C300MS/
AISI1045CS. Both bimetallic structures were evaluated at 
30 Hz under 400 MPa stress. C300MS/AISI304 exhibited 
a significantly longer fatigue life of 4.505 × 106, compared 
to 0.36 × 106  cycles for C300MS/AISI1045CS. Failure in 
C300MS/AISI304 occurred on the AISI304 side, whereas 
in C300MS/AISI1045CS, failure initiated at the interface. 
Fractographic analysis revealed that the premature failure 
of C300MS/AISI1045CS was caused by the presence of 
interfacial pores, while the defect-free interface in C300MS/
AISI304 contributed to its superior fatigue resistance.

The fatigue life of bimetallic IN718/SS316L was further 
examined through two configurations: crack arrester and 
crack divider.159 Results indicated that the crack growth rate 
was influenced by the local crack tip stress intensity factor 
range (∆K). Depending on the transition direction (soft-
to-hard or hard-to-soft), crack propagation was affected 
by differences in material properties and grain structure. 
Fractographic analysis revealed that grain orientation 
and morphology significantly impacted crack tortuosity 
and propagation rate. Although dissimilar material 
interfaces did not show a pronounced effect under high 
∆K conditions, crack behavior was markedly influenced by 
grain structure at lower ∆K values. Overall, Duval-Chaneac 
et al.159 concluded that residual stress had minimal effect 
on crack propagation due to careful specimen preparation 
and the good coherence of grain structures at the interface.

4.6. Miscellaneous tests

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

effects, including thermal diffusivity and wear 
performance, which are critical for specific application 
domains. Understanding thermal diffusivity is vital for 
characterizing the heat transfer behavior of MMAM 
structures during manufacturing. Thermal diffusivity data 
provides information on a material’s ability to conduct 
heat relative to its ability to store it. Figure 14 presents both 
experimental and theoretical thermal diffusivity data for 
MMAM structures with IN718 as the base material, along 
with data for the constituent single-alloy materials. The 
comparison illustrates how the thermal performance of the 
bimetallic system differs from its monolithic counterparts. 
Theoretical thermal diffusivity values of the bimetallic 
structures range from 14.37 to 17.09 mm2/s between 
50°C and 300°C.In contrast, experimental values were 
found to be lower, ranging from 10.30 ± 07 to 12.33 ± 0.07 
mm2/s within the same temperature range.184 The thermal 
diffusivity of the bimetallic structure lies between those of 
monolithic IN718 and the Cu alloy, reflecting the expected 
thermal blending behavior.

In addition to thermal behavior, wear performance was 
also investigated. Wear testing was conducted on an IN718/
SS316L MMAM structure with carbon fiber functioning 
as the IBL. The analysis included comparative wear data 
for both IN718 and IN718/CF/SS316L. Results showed 
that IN718/CF/SS316L reached a steady-state wear rate in 
under 80 seconds, significantly faster than wrought IN718, 
which stabilized after approximately 300 s.158

5. Modeling and simulation for MMAM
An extensive list of in-process and post-fabrication 
simulation software and codes currently exists for single-
material AM across multiple length scales, providing 
insights into the state of research and development toward 
MMAM. Experimental investigations are often time-
consuming and costly, making them prohibitive for some 
AM research. Consequently, simulations play a critical role 
in augmenting understanding, optimizing processes, and 
enabling process control. Simulations commonly used in 
single-material AM include thermodynamic modeling, 
melt pool dynamics, powder bed behavior (PBB), and 
computational fluid dynamics-volume of fluid (CFD-
VOF) models. Thermal simulation modeling is employed 
to guide parameter selection, ranging from single melt 
pool point penetration to single or multiple melt pool 
tracks, and extending to full component modeling at 
micro-, meso-, and macro-length scales. Melt pool 
dynamic simulations focus on material behavior during 
interaction with the laser and heat-affected zone, providing 
information on melt pool morphology, cooling rates, and 
microstructural characteristics. PBB simulations model 
particle–particle interactions on the powder bed, powder 
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spreading dynamics, and particle–laser interactions during 
melting. These simulations, often conducted using the 
discrete element method (DEM), help optimize powder 
shape or size distribution to achieve ideal powder flow 
characteristics, thereby improving layering and reducing 
mesoscale defects. The CFD-VOF model typically includes 
a laser heat source and a coaxial nozzle with a single powder 
feeder aligned with the laser path. This model captures key 
phenomena during LDED, such as powder and gas flow 
dynamics, laser–powder interactions, attenuation effects, 
and melt pool behavior.

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

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

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

Although extensive studies have been conducted on 
single-material melting and solidification, Sorkin et  al.192 
presented the first published attempt at simulating MM 
melting using the open-source molecular dynamics software 
Large-scale Atomic/Modular Massively Parallel Simulator 
(LAMMPS), albeit with numerous simplifications. However, 
the model’s assumptions neglected several key physical 
processes involved in LPBF, including surface tension forces, 
multiphase flow, and molten pool formation. Moreover, 
no experimental validation was provided to support the 
simulation results. Beyond melt pool dynamics, powder 
deposition plays a significant role in MM applications, 
influencing interfacial properties based on packing, 
design, and deposition strategies. Gu et al.23 investigated 
various deposition patterns involving multiple materials 
by incorporating particle size distribution data obtained 
from a particle size analyzer and simulating it employing 
the DEM (EDEM v2019). The studied deposition patterns 
included evenly mixed, bimetallic separation, interlock 
deposition, and FGM. Further discussion on the influence 
of these deposition patterns on melt pool formation is 
provided later in this section.

The characteristics of the melt pool, including 
temperature gradients, thermodynamics, fluid dynamics, 
and laser–matter interactions, have been thoroughly 
studied in LPBF and LDED processes. Sun et al.20 applied 
a DEM approach using ABAQUS FLUENT for multiphase 
mesoscale modeling of an MM powder bed composed of 
IN718/Cu10Sn (Figure 15A). This study simulated several 
powder configurations within a single layer (aligned 
parallel or perpendicular to the laser scan path, and pre-
mixed by wt.%). The simulations focused on melt pool 
morphology and thermal behavior during single-track 
laser scans. To simplify the model, the two components 
were treated as mutually soluble, enabling microlevel 
mixing. When comparing tracks composed of mixed 
versus unmixed dissimilar powders, melt pools with a high 
content of IN718 exhibited higher peak temperatures due 
to their thermo-physical properties. In the unmixed case, 
the melt pool size and temperature transitioned gradually 
as the laser moved from one material to the other.

Figure  14. Thermal diffusivity of IN718/CuA bimetallic structure,184 
including measured values for monolithic IN718 and GRCop-84, 
alongside experimental and theoretical thermal diffusivity values for the 
bimetallic composition. The comparison illustrates the thermal diffusivity 
behavior of the bimetallic structure relative to its constituent materials 
across a temperature range of 50°C to 300°C.
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More recently, Gu et al.23 applied a modified DEM 
approach to simulate multiple adjacent laser tracks of 
SS316L/Cu10Sn (Figure 15B and C). As noted previously, 
the process introduced a variety of powder deposition 
patterns and compared simulation outcomes with 
experimental data. In the study, the material was deposited 
horizontally and vertically to investigate melt pool 
morphology and temperature distribution (Figure  15C). 
When observing the melt pool track in both configurations, 

the vertical deposition of the bimetallic structure exhibited 
a discontinuous melt pool formation. This discontinuity is 
attributed to the difference in laser absorptivity between 
SS316L (0.35) and Cu10Sn (0.03), as well as the higher 
thermal conductivity of Cu10Sn compared to SS316L, 
which leads to highly efficient heat dissipation from the 
beam center to the surrounding powder. In contrast, 
during horizontal layer deposition, SS316L powder melted 
first, and the heat conducted from the molten SS316L 

Figure 15. Single-track melting and solidification in selected bimetallic structures. (A) IN718/CuSn10 single-track melting profile;20 (B and C) SS316L/
CuSn10 solidification simulation illustrating thermal and powder solidification dynamics;23 and (D) single-track solidification of IN625/SS316L 
(top: Type-A) and SS316L/IN625 (bottom: Type-B) configurations.132 The visualizations demonstrate the influence of materials order and interfacial 
configuration on melt pool evolution and solidification morphology. 
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powder and its convection flow contributed to the melting 
of Cu10Sn. Scanning electron microscopy analysis further 
revealed that phase migration was likely driven by this 
convection flow, which facilitated elemental intermixing 
across multiple layers.

Interestingly, Zhang et al.193 used the Cline–Anthony 
model to calculate the melt pool temperature field during 
the LDED process for CuCr/07Cr15Ni5. Using this model, 
they successfully predicted printability maps as a function 
of deposition layer number. A narrowing of the printability 
window with increasing layer number was found to 
enhance thermal conductivity, specific heat capacity, and 
effective density. The calculated results from the proposed 
analytical model were in good agreement with experimental 
data. Similarly, Li et al.194 applied a CFD-based approach to 
model the fabrication process of FGM using MM-LDED. 
They developed a multiphysics, MM model to simulate 
thermal gradients, phase transitions, melt pool dynamics, 
and final part geometry, identifying non-uniformities in 
material gradation across the transition zone. Ghanavati 
et al.127 identified that SS 316L is susceptible to composition 
changes and a lack of fusion, which can lead to porosity 
due to its high equilibrium vapor pressure. In contrast, 
IN718 is more prone to distortion, owing to the formation 
of larger melt pools. In a study involving MM-LPBF TiB2/
Ti-6Al-4V, Chen et al.195 used a multilayer finite element 
model (ANSYS) to predict temperature gradients and 
remelting ratios. They assumed that the absorptivity 
of Ti-6Al-4V is equivalent to that of Ti-alloy powder, 
while TiB2 behaves similarly to non-oxide ceramics with 
relatively high absorptivity. The results showed that the 
maximum temperature gradient occurred at the interface 
and demonstrated a direct proportionality between laser 
power and temperature gradient (Figure  16A), and an 
inverse proportionality with laser scan speed (Figure 16B). 
In addition to temperature gradient analysis, a CFD–DEM-
based approach was applied to SS316L/W and W/SS316L 
interfaces to examine melt pool temperature profiles 
(Figure 16C). The temperature profiles were evaluated with 
respect to the melting temperatures of SS316L (1658  K) 
and W (3695 K). The observed characteristic behavior is 
attributed to the significantly higher thermal conductivity 
of W, which facilitates efficient heat dissipation. These 
simulations collectively demonstrate the capabilities of 
MM thermal-fluid dynamics models in fundamentally 
investigating the AM process and assessing printability.

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

phases present in high-strength steel/Ti-6Al-4V bimetallic 
structures. Using CALPHAD, Wei et al.165 identified 
three intermetallic formations at the interface: α-Fe + 
Fe2Ti, Fe2Ti, and TiFe + β-Ti. Their analysis indicated 
that a compositional gradient build strategy would not 
be sufficient to prevent the formation of Fe2Ti, a brittle 
IMC. In a similar approach, Kannan et al.196 conducted a 
CALPHAD analysis on a compositionally graded Al-Cu-
Ce-Zr/SS316L joint. They found that composition ratios 
of 90%, 80%, 20%, and 10% SS316L were promising 
for fabrication, as no primary intermetallic formations 
were observed. Instead, a BCCA2 matrix formed on the 
Fe-rich side and an FCCA1 matrix on the Al-rich side. 
Scheil simulations performed on a P21/704H bimetallic 
structure fabricated using MM-WAAM revealed drastic 
variations in volumetric CTE and freezing range due to the 
formation of an MC carbide phase from the liquid during 
solidification. This phase formation led to cracking in the 
intermediate region.197 Iams et al.198 performed similar 
testing on GRCop-42/IN718 using Scheil simulation 
and observed the formation of a C15 Cr2Nb phase in the 
GrCop-42 composition. They also reported enrichment 
in Ni and Fe, which contributed to the formation of the 
C14 (Cr,Ni,Fe)2Nb phase and the BCC α-Cr phase. In the 
case of Ti-6Al-4V/Al-Cu-Mg structures, which exhibit 
significantly different thermal properties, the interface 
was found to be prone to cracking due to the formation 
of IMCs. Based on this understanding, Zhang et  al.199 
used Scheil–Gulliver simulation and Malac–Distmas 
calculations to predict the phase diagram and diffusion 
path of the bimetallic structure. The binary phase diagram 
and diffusion path of direct Ti–Al bonding revealed high 
susceptibility to cracking and delamination at the interface 
(top two panels of Figure 16D). To mitigate interfacial 
cracking, a Cu interlayer was introduced. The two lower 
panels in Figure 16D show  the predicted IMCs. Since 
Cu is a eutectoid-forming element with both Ti and Al, it 
contributes to constitutional supercooling and stabilizes 
the bonding interface.

Beyond thermal behavior, Chen et al.132 applied a CFD-
based approach to investigate melt pool morphology 
in MM-LDED-processed IN625/SS316L (Type-A) and 
SS316L/IN625 (Type-B) structures (Figure  15D). In 
Type-A, an anticlockwise flow at the rear of the melt 
pool contributed to a fully mixed zone by moving 
remelted SS316L toward regions of higher temperature. 
In contrast, the Type-B interface exhibited a clockwise 
flow, causing unmixed IN625 to rise into the melt pool 
and become trapped during solidification (Figure 4C and 
F for experimental validation). The simulation was used 
to verify and explain the experimental observations 
previously discussed. Using a similar CFD–DEM-based 
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Figure 16. Temperature distribution and melt pool behavior in multi-material laser powder bed fusion (MM-LPBF). (A and B) Cross-sectional temperature 
profiles in Ti-6Al-4V/TiB2 as a function of laser power and scan speed;195 (C) Scan track morphology of SS316L/W and W/SS316L, illustrating directional 
dependency in bimetallic printing;149 (D) corresponding melt pool temperature profiles ranging from 300 – 1658 K and 300 – 3695 K;199 (E) Comparison 
of numerically simulated and experimentally measured melt pool lengths in SS316L/AlSi10Mg;199 (F) CALPHAD-based phase diagram predictions for 
Ti-Al, Ti-Cu, and Al-Cu binary phase systems, along with diffusion path analysis for Ti-Al.200 The images collectively illustrate the influence of process 
parameters, material combinations, and thermodynamic modeling on thermal behavior in MM-LPBF.
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approach, Wei et al.149 simulated the MMAM of SS316L/W 
bimetallic structures using MM-LPBF, treating the bottom 
layer material as a substrate (Figure 16E). At the SS316L/W 
interface (top of Figure 16C), good wettability with the W 
substrate was observed, and the cross-sectional melt pool 
view (right-hand side) indicated that W did not melt and 
no elemental mixing occurred. However, at the W/SS316L 
interface (bottom of Figure 16E), the SS316L appeared 
on top of W rather than beneath it. This was attributed to 
high energy density resulting in keyhole mode melting, 
as seen in the bottom right-hand side of Figure 16E. The 
application of excess heat is due to significant differences 
in thermal properties between SS316L and W. In a similar 
approach using CFD–DEM based methods, Wimmer 
et al.200 conducted a numerical simulation of melt 
pool dimensions in SS/Al and compared the results to 
experimental data (Figure 16F), utilizing a meshless SPH 
method.

5.2. Mechanical behavior computational analysis

Finite element modeling (FEM) of MMAM structures is 
crucial for predicting the mechanical behavior of complex 
designs, thereby supporting the optimization of material 
distribution. Recent studies have applied and advanced 
various modeling software tools to address the structural or 
thermal qualification of designs using FEM. The presence 
of dissimilar materials with contrasting mechanical and 
thermal properties introduces complex residual stresses, 
especially near the interface. FEM enables detailed 
analysis of elastic and plastic deformation, residual stress 
accumulation, interfacial stress distribution, and potential 
failure mechanisms under various loading conditions. This 
modeling approach provides insights into the structural 
reliability of MM structures and is essential for identifying 
stress concentration zones and guiding design strategies 
to mitigate defects such as warping, delamination, and 
cracking. While most of these studies have been validated 
using multi-polymeric structures,201,202 due to the relative 
ease of fabrication compared to metallic structures, 
only a few have shown the capability of modeling and 
verifying metallic MMAM structures. McDonnell et al.125 
and Zhang et al.199 fabricated MMAM lattice structures 
using SS316L/17-PH and Ti-6Al-4V/CuA/Al-Cu-Mg, 
respectively. McDonell et al.125 constructed a bimetallic 
lattice structure composed of BCC and octet truss 
architectures using MM-LPBF, with horizontal and vertical 
material separations (Figure  17A). It was observed that 
the deformation behavior and stress–strain response of 
the bimetallic lattice—featuring a combination of ductile 
and brittle metals—varied with lattice arrangement. 
The parallel bimetallic lattice structure demonstrated 
superior energy-absorption performance compared to 

the series arrangement due to its stress–strain plateau, 
reduced fracture, and consistent plastic deformation. FEM 
successfully predicted this behavior. Similarly, Zhang et 
al.199 investigated a Ti-6AL-4V/CuA/Al-Cu-Mg MMAM 
gyroid lattice structure (Figure  17B) fabricated using 
MM-LPBF. FEM analysis of a unit cell showed that the 
highest levels of equivalent stress and strain occurred at 
the center of the inclined struts, indicating shear fracture. 
Due to the differences in strength and stiffness between the 
Al-rich and Ti-rich regions, the upper portion of the lattice 
deformed prior to the lower portion.

Likewise, FEA-based compression testing on a 
P21/SS316L bimetallic cylindrical structure fabricated 
using MM-LDED revealed significant stress and strain 
accumulation during the test (Figure  17C). Stress 
concentration occurred around the circumference of 
the P21 region as ∆h percentage increased, while strain 
primarily accumulated on the SS316L side.166 Throughout 
the test, it was observed that the softer material absorbed 
a larger portion of the strain, whereas the harder material 
bore the majority of the stress. This behavior is clearly 
depicted in the color intensity gradients in Figure 17A-C. It 
should be noted that due to limitations in software flexibility 
and adaptability for AM structures—including bimetallic 
systems—models typically assume smooth surfaces (i.e., 
neglecting surface roughness), the absence of defects or 
porosity, and ideal, crack-free interfaces. As a result, FEA 
results often exhibit notable discrepancies when compared 
with experimental data. Griffis et al.203 performed site-
specific MM structural FEM using local material properties 
in the MM-LPBF bimetallic fusion zone, modeling the 
interfacial region as an effective third material. Their FEA 
method was used to inform a localized redesign of the 
fusion zone geometry to interlock material regions and 
improve the global pull-apart strength of the interface.

Few studies have applied MM structural modeling 
from a computational topology optimization design 
perspective. Giraldo-Londona et al.204 developed a multi-
objective algorithm for the joint design of MM structures, 
considering both structural and thermal load cases. 
For comprehensive reviews on multiobjective topology 
optimization in MMAM component design, readers are 
referred to Zhang et al.205 and Sanders et al.,206 who provide 
detailed theoretical insights into the development of MM 
topology optimization algorithms.

6. Discussion and future direction
6.1. Feedstock recyclability and build material cross-
contamination

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

A few efforts have been made to separate powder 
materials, but none have shown significant success. 
Sieving can separate powders based on particle size 
distributions,175,207,208 but it is ineffective for separating 
materials with similar particle sizes. Most powders used in 
LPBF typically fall within a D50 size distribution of 10 – 90 
μm. As a result, the Gaussian distribution curves of even 
dissimilar powders overlap at both the upper and lower 
tails, making clean separation infeasible. Other proposed 
methods include separation based on relative density 
(using a particle inertia approach) or magnetic properties. 
However, all three methods require specific material 

properties to be effective and cannot be generalized to 
most powder combinations. To the best of the authors’ 
knowledge, there is currently no comprehensive study 
on the recycling of leftover powder from MM-LPBF or 
MM-LDED processes, including the chemical composition 
analysis of separated materials. This recyclability issue 
is specific to MM-LPBF and MM-LDED, as there are 
numerous well-established methods for recycling mono-
material powders to control parameters such as powder 
size distribution,209-212 chemical composition,209-211,213,214 
flowability,209-212,214 and morphology.211-214 Generally, 
powder reuse introduces additional process uncertainties 
due to powder degradation. Many studies have reported 
a moderate reduction in ultimate strength after powder 
reuse,211,215,216 while others have found no significant 
change in mechanical properties following recycling.217,218 
The material consumption and associated costs due to 
the lack of effective powder recycling methods remain 
major barriers to the industrial adoption of MMAM. In 
contrast, wire-fed directed energy deposition and WAAM 
avoid this issue by using wire-based feedstocks, thus 
circumventing powder waste altogether. However, the 
geometric resolution and as-built surface finish provided 
by these wire-based processes are generally insufficient 
for many applications unless extensive post-processing is 
applied.

Figure  17. Compression behavior of bimetallic lattice structures fabricated through multi-material laser powder bed fusion (MM-LPBF) and multi-
material laser-directed energy deposition (MM-LDED). (A) Finite element modeling-based compression simulation of body-centered cubic and octet 
truss 17-4PH/SS316L lattice structures fabricated through MM-LPBF;125 (B) Simulation-based compression test on a gyroid bimetallic Ti-6Al-4V/CuA/
Al-Cu-Mg lattice structure fabricated through MM-LPBF;199 (C) Compression test on a cylindrical P21/SS316L bimetallic structure fabricated using 
MM-LDED.166 The finite element analysis results highlight the influence of lattice structure and multi-material additive manufacturing process on 
deformation behavior under compressive loading

C
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6.2. In-process monitoring

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

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

Acoustic monitoring utilizes sound waves detected 
during fabrication as predictive tools to identify internal 
defects. Acoustic signals generated during processing 
can be correlated with internal irregularities, enabling 
the development of AE monitoring systems capable of 
classifying AE wave patterns associated with specific 
processing conditions, such as conduction mode, 
lack-of-fusion pores, and keyhole pore formation.219 
Compared to other in-situ methods, this approach is 
relatively straightforward and particularly useful for 
detecting internal defects that are otherwise difficult to 
identify. Acoustic monitoring is commonly combined 
with complementary optical techniques (e.g., high-speed 
cameras, IR sensors, photodiodes) to improve detection 
reliability. One limitation of AE monitoring as a standalone 
method is the challenge of isolating AE sound waves 
produced by laser-material interactions from ambient noise 
generated by the machine or environment.220 Machine 
learning algorithms are frequently used to deconvolute 
these signals, helping to identify and differentiate AE wave 
patterns associated with defective conditions.221,222 This 
approach has been well studied in the context of single-
material AM fabrication.220,223-228

Build-plate imaging is another widely used in-situ 
technique that monitors the fabrication process on a layer-
by-layer basis. High-speed cameras provide real-time 
feedback on surface quality, layer deposition, and process 
anomalies such as spatter.229,230

Radiographic imaging, including X-ray and computed 
tomography, offers cross-sectional views of the process, 
revealing internal structures, voids, and defects.231 In 
MMAM, these methods can differentiate most material 
pairs based on grayscale contrast related to material 
density. Cross-sectional imaging of the melt pool at metal 
interfaces provides fundamental insights into melt pool 
formation mechanisms, supplementing post-process 
techniques typically used to analyze heat-affected zones. 

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

Thermal imaging uses IR cameras to capture emitted 
radiation during the AM process, allowing visualization 
of temperature gradients, hotspots, and cooling rates. 
This data is used to identify proper fusion between 
adjacent layers and detect anomalies with distinct thermal 
signatures, such as incomplete melting. Thermal maps 
generated through this method can also be used to calibrate 
and validate macro-scale process models and simulations, 
enhancing the understanding of thermally induced 
distortions and residual stresses.232 In MMAM, metal 
matrices often exhibit non-uniform heating and cooling 
behavior due to differences in material solidification and 
thermal properties. Thermal imaging can thus serve as an 
input-control mechanism in real-time monitoring systems 
to maintain uniform thermal profiles—such as heating/
cooling rates or thermal expansion/contraction rates—
across the build plate, even in the presence of bimaterial 
boundaries.233

6.3. Standardization of MM testing

Mechanical property characterization tests conducted 
on monolithic materials fabricated using AM processes 
typically follow standard testing procedures established 
for conventionally manufactured specimens. While this 
approach is suitable for monolithic materials, it is not fully 
applicable to MMAM due to the unique characteristics 
of the MM interface between dissimilar materials. The 
interfacial bonding between two dissimilar materials 
plays a significant role in determining the failure point 
and overall mechanical performance of the specimen. 
Similar to the influence of build orientation in AM, the 
material deposition configuration significantly affects 
the mechanical performance of MMAM components. To 
the authors’ knowledge, most experimental studies have 
not thoroughly investigated deposition configurations 
to identify optimal strategies for enhancing mechanical 
performance. For example, Chen et al.58 manufactured 
SS316L/CuSn10 structures using LPBF with SS316L as the 
base material and conducted mechanical testing, such as 
microhardness, tensile, and flexural strength tests. Their 
tensile testing results indicated that horizontally combined 
specimens exhibited greater elongation than vertically 
combined ones, although the UTS was similar in both 
configurations. Similarly, Dash and Bandyopadhyay147 
fabricated vertically and radially combined SS316L/17-
4PH specimens using MM-LDED and observed that 
radially combined specimens exhibited higher compressive 
strength than both vertically combined specimens and 
wrought SS316L. In both cases, mechanical performance 
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was optimized by strategically selecting the material 
combination configuration. The absence of standardized 
guidelines regarding material deposition configuration 
in MMAM highlights a pressing need to establish testing 
protocols that account for interfacial bonding strength.

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

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

6.4. Thermo-mechanical modelling (part-scale)

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

underrepresented in numerical modeling for MMAM. These 
phenomena are especially critical at material interfaces, 
where differing thermal properties of dissimilar materials 
have a major influence. Beyond advancing particle-based 
simulation approaches, the simulation of multi-track and 
multi-layer builds is inevitable for linking microscale 
behavior to part-scale mechanical performance. Modeling 
of single- and multi-track and multi-layer in single-material 
AM has been crucial for understanding defect formation 
and predicting mechanical properties. This approach needs 
to be expanded to encompass MMAM. Recent work by 
Küng et al.234 has begun to address this, employing a two-
dimensional PBF model using the Lattice–Boltzmann-based 
simulation (a class of CFD simulation), as well as the DEM-
SPH method.200 To further accelerate the understanding of 
the multi-track and multi-layer phenomena, the community 
is encouraged to investigate the integration of DEM-
SPH/optimal transportation meshfree—a particle-based 
method formulated for simulating solid and fluid flows—to 
address part-scale size challenges. In single-material AM, 
SPH has experienced extensive developments due to its 
algorithmic maturity and established track record, which 
could serve as a foundation for MMAM. Insights from 
multi-track and multi-layer approaches can also inform 
FEA simulations, helping to advance the understanding of 
MMAM’s mechanical behavior. However, as discussed in 
Section 5, existing FEA simulations for MMAM often rely 
on assumptions that compromise accuracy when compared 
to experimental data. These assumptions stated throughout 
the studies will not provide accurate results when compared 
to the experimental data. Assumptions and simplifications 
such as a smooth, roughness-free surface, a defect-free or 
crack-free interface, and a well-bonded interface will yield 
inaccurate results in MMAM, due to their influence on 
mechanical behavior. One way to address these limitations 
is to integrate X-ray micro-computed tomography imaging 
data as inputs into modeling workflows, enabling more 
accurate mechanical behavior predictions. In 2024, 
Auenhammer et al.235 proposed an approach to overcome 
the image-based numerical modeling for carbon fiber 
using an open-source Python script.236 While the method 
has some drawbacks, it offers a promising future direction 
for extending image-based numerical modeling to both 
single- and MMAM.

6.5. Future direction

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

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

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

3D  Three‑dimensional 
AE  Acoustic emission 
AM  Additive manufacturing 
BCC  Body‑centered cubic 
CALPHAD  Calculation of phase diagram 
CAD  Computer‑aided design 
CFD  Computational fluid dynamics 
CFD‑DEM  Computational fluid dynamics – discrete element 

method 
CFD‑VOF  Computational fluid dynamics – volume of fluid 
CTE  Coefficient of thermal expansion 
DEM  Discrete element method 
DEM‑SPH  Discrete element method – smoothed particle 

hydrodynamics 
DIC  Digital image correlation 
EB‑PBF  Electron beam powder bed fusion 
EBSD  Electron backscatter diffraction 
EDS  Energy dispersive spectroscopy 
Fcom  Compression 
FCC  Face‑centered cubic 
FEA  Finite element analysis 
Ffat  Fatigue 
Fshear  Shear 
Ftherm  Thermal diffusivity 
Fwear  Wear performance 
FGM  Functionally graded material 
FGM‑LDED  Functionally graded material laser‑direct energy 

deposition 
FSW  Friction stir welding 
HV  Hardness Vickers 
IBL  Intermediate bonding layer 
IMC  Intermetallic compound 
IR  Infrared 
LDED  Laser‑direct energy deposition 
LPBF  Laser powder bed fusion 
LAMMPS  Large‑scale atomic/molecular massively parallel 

simulator 

In aerospace and nuclear industries, components could 
be fabricated with spatially varying properties to withstand 
both mechanical loads and radiation damage. Biomedical 
implants could combine biocompatible surfaces with 
load-bearing cores, all within a single manufacturing 
process. In conclusion, the future of MMAM with discrete 
metal transitions hinges on the convergence of material 
science, advanced modeling, real-time sensing, and 
data-driven control. By developing intelligent interlayer 
designs and integrating process monitoring with adaptive 
manufacturing strategies, the field is positioned to 
overcome longstanding metallurgical barriers and enable 
a new generation of multifunctional, high-performance 
components.
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Table A1. Summary of review articles on multi‑material additive manufacturing in the past decade

Title Primary focus Year References
Multiple material additive manufacturing – part 1: A 
review

Review of the MMAM process and principal key processes 
progress, technological challenges, and future trends as of 2013

2013 28

Additive manufacturing of multimaterial structures 3D‑printed polymer‑based, metal/metal, and metal/ceramic 
MMAM applications

2018 102

Potentials and challenges of multi‑material processing by 
laser‑based powder bed fusion

Provides a collection of challenges to overcome in MM‑LPBF 2018 237

Multi‑material additive manufacturing technologies for 
Ti‑, Mg‑, and Fe‑based biomaterial for bone substitution

Provides a brief review on tissue engineering, design requirements, 
and metallic biomaterials fabrication technologies

2020 30

Laser direct energy deposition‑based additive 
manufacturing of metallic multi‑material: A review

Presents the current state‑of‑the‑art and issues associated with 
laser‑based direct energy deposition in metallic MMAM

2021 238

Critical review of the state of the art in multi‑material 
fabrication via direct energy deposition

Provides a critical review on developing trends, design methodologies, 
common issues and challenges, and future trends in MM‑DED

2021 92

Review on additive manufacturing of multi‑material parts: 
Progress and challenges

Provides information on the latest progress and challenges in 
MMAM technologies

2021 88

Review on additive hybrid and multi‑material manufacturing
of metals by powder bed fusion: state of technology and 
develop‑ ment potential

Provides information on the state of technology for hybrid 
and MM manufacturing of metals using AM, particularly PBF 
processes

2021 59

Emerging metallic systems for additive manufacturing: 
In‑situ alloying and multi‑material processing in laser 
powder bed fusion

Covers the state‑of‑the‑art approach within the perspective of 
LPBF, and namely, the in situ alloying and multi‑material process 
strategy

2021 239

Recent progress and scientific challenges in multi‑material 
additive manufacturing via laser‑based powder bed fusion

Reviews the latest progress in MM powder deposition mechanism, 
molten pool behavior, process characteristics of printing metal/metal, 
metal/polymer, and metal/ceramic, and their potential applications

2021 40

Multi‑material powder bed fusion technique Overview of the current state of the MM‑PBF techniques 2022 240
Recent progress on additive manufacturing of 
multi‑material structures with laser powder bed fusion

Provides a comprehensive review on achievement in MM structures 
through LPBF, focusing on interface characteristics, strengthening 
methods, critical technical issues, and potential problems

2022 39

Powder bed fusion of multi‑materials Provides an overview of the current development for MM‑PBF 
applications

2023 241

A process parameter review on selective laser 
melting‑based additive manufacturing of single and 
multi‑material: microstructure, physical properties, 
tribological, and surface roughness

Provides information on the influence of LPBF process parameters 
on the quality of parts fabricated from varied materials and MM 
structures

2023 242

Multi‑material additive manufacturing: A systematic 
review of design, properties, applications, challenges, and 
3D printing of materials and cellular metamaterials.

Presents a comprehensive summary of MMAM systems, 
fundamental processes, MM combinations, design, modeling, and 
analysis strategies, focusing on applications and opportunities for 
using MMAM in various industries

2023 34

A review on additive manufacturing of SS‑Ni 
multi‑material fabrication

Summarizes methods used for SS‑Ni MMAM, combination 
strategies, fabrication quality, microstructural variation, property 
enhancement, challenges, and applications

2023 38

A review on multiplicity in multi‑material additive 
manufacturing: Process, capability, scale, and structure

Covers material combinations in polymer, composites, metals/
ceramics, metal alloys, and biomaterials, exploring MMAM capabilities 
in bi‑metallic structures, and functionally or compositionally graded 
materials, providing insights into various scales and structural aspects

2023 89

A review on experimentally observed mechanical 
and microstructural characteristics of interfaces in 
multi‑material laser powder bed fusion

Focuses on the material interface characteristics and property 
performance in MM‑LPBF, including common challenges in 
MMAM

2023 41

Additive manufacturing of metal and alloys to achieve 
heterogeneous microstructures for exceptional mechanical 
properties

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

2024 243

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