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Abstract

Current industrial applications demand materials with customized features and site
specific properties, and many such applications use bimetallic structures. Bimetallic structures
offer unique properties from both materidémetallic materials are made pining two
different materials via welding or brazing. Although welding techniques to join two metallic
materialsare economical, there are still many critical issues, such as managing taédwtat
zone, cracking, and premature failures due tdl®diittermetallic phase formatioaspecially for
joining two dissimilar metals, and reproducibility. In recent years, metal additive manufacturing
(AM) has beemxplored towards processing bimetallic materials. Metal AM systems are
designed with multipléeedstock materials, enabling various printing strategies to process
bimetallic structures. This review aims to aid researchers in understanding AM processing of
bimetallic structures. Various processing strategies, characterization methods, challehges, an
future directions are discussed. We envision that this review will help further the implementation

of AM technologies in bimetallic structures.

Keywords Additive manufacturing; Bimetallic structures; Metals; Joining

1.0 Introduction

Themotivationfor developingdifferent alloyswasto exceed th@erformancdimitations
of puremetalsin engineerin@pplicationsFig.1 showsa broad outline of processing metals and
alloys for different application€onventional alloyinga revolutionarynnovation,couldcreate

a new metallic materiddy mixingtwo or more metals or nemetals inamolten stateAlloys
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canoffer improvedproperties such asgher toughness, higher strengtietterwear, and

corrosion resistarmthanpure metalsOver the last few centuriggifferentalloyshave been
developedsuch aswumeroussteet (such as stainless stegS)-based alloys (BronzeNi-based
superalloygInconel) several titanium alloys (Ti6Al4V)andwidely implementedor various
industrial applicationsToday's hitech engineering applications demand metallic materials with
enhanced but customizedd sometimes sigpecificproperties that a singmposition could

not satisfy Bimetallic structures, a combination of two different meta&m be manufactured by
joining, such as welding or brazing those allogsnetallic structuresouldsolvea sngle

material's limitationsvhile maintaining each material's desired properties in one struthese
advantages could lead to unique properties common in most engineering applications by joining
different metallic materials to form various bimetaBiicucture. Thereforejt is veryconfident

that bimetallic materials coulgsolvematerial selection issaén current industrial applications

andcustomizematerialpropertiesbased orapplicationsperformancelemands.
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Figure 1. Processing of metals and alloy.

A bimetallic structureould be processagsingconventional oadditive manufacturing
(AM) methods as shown irFig. 2. Weldingand brazingechniquesre probably the most

comnonly used conventionahethoddor joining two different metallic materialDifferent
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weldingtechniques such as arc weldiegplosion welding, lasdoutt welding, and friction stir
weldingcan be appliefbr joining [1i 9]. Althoughwelding techniqueto join two metallic
materialss economicalthere arestill somecritical issuegor bimetallic structuressuch as
leadinga sizeabé heataffected zone (HAZatthejoint andcrackingdue to brittle intermetallic
phase formatiorespeciallyfor joining two disimilar metak. Brazing a liquid solid-state
bonding processs performed ahlower temperature than weldinghis process is used with
filler (braze) metato join wide varieties of dissimilar metalgth improved bonding strength.
Diffusion bondingis increasingly used to jouifficult-to-bond combinations of materiaksuch
asimmiscible dissimilametals metals to ceramics combinatigiy applying presure and heat
at joining surfaces where the strength of the diffudionded joint is a function of plastic

deformation.

Using netd AM to fabricatecustomized objects currently the trenth manyindustries.
Currentmetal AM technologies such dgectedenergy deposition (DEDplown-powderor
wire-feed processscanbuild parts in single amultiple compositionsPowdetbed fusion is
gaining attention to processing mutiaterial structures, as weBecauséAM is layer-by-layer
processingyarious strategies could be applied to build a bimetallic structure by taking this
advantag. Direct deposition stratgy is simpy depositing onenetallic material on top of
anotherThis strategy isuitable for fabricating bimetallic structure witlsimilar metal
characteristicswhich means the two metallic materials have sintilarmal propertieand show
good solid solubility The bimetallic structure fabricated birect deposition mayave a sharp
transitionfrom metas A to B. However this sharp transition may cause some defects at an
elevated temperature environment due tomiematch oimetallic materials' thermal propedie
Instead of having a sharp transiti@pplying a compositional gradatianthe interface could
createa smoothransition between the two metallic materjaéiucingthe advere effects
caused byhe sharp transitiort.he compositionajradationcreates @raded transition at the
interface between the two metallic materiaisd his bimetallic material can also be seen as
functionally graded material (FGMBoth directdeposition and compositional gradation
strategieslo not requirea third mateal to serve aa bonding materialThe ntrodudion of
compatiblethird bonding material is commonly used for joining two dissimilar meéals
increase the bonstrengthof the two metalsThis third material can ba single composition

(intermediate bond layeor a mixedcomposition(compositional bond layeri third metallic
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material selectedsanintermediate bond layevorkslike thewelding process's filler material
Theseleced material shoulbe able tdoond bothmetalswith good strengthThe compositional
bond layeborrows thecompositional gradation strategy and addkird material into thgraded
transition.Theadded material inot limited to metallianaterialsin some caseggeramic
materials could alsenhance the bond strendfl®i 16]. Although some weldingechniquesan
join dissimilar metals, using metal AM technologies to fabricate bimetallic strugfivessmore
precisecontrol especially at the transitioegion andfabricategarts with complexshaps. The

AM methodsand bimetallianaterialsprocessing strategiese discussed later

Conventional Process: Welding, Brazing,
Diffusion Bonding,........

Pressure

Heat
Material A Weld metal Material B

Brazing

|

Pressure

_ Material A

Material B Diffusion Bonding

Figure 2. Conventionamanufacturing methodsimetallic structures

Although current metadM technologies have many advantagegrocessing bimetallic
structuressome critical issues and challengeed to baddressedSpecifically,AM is a layer
by-layer fabrication process basedantigital file thatgives highcustomization flexibilityon a
parts designAdditionally, currentAM systems for metallic materiat&ncontrol the processing
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parameters such #se feedstock feed raterergy input and scan speedllowing users to adjust
and optimize the processing parameters based on printing résoienver, the configuration of
todays metalAM systems, especially tligrected energy depositioDED) systemsis updated
with multiple feeders for the feedstock(s), making it both possible and easier to manufacture
bimetallic structuredDespitethe advatages,somechallengesare there due tmaterials'

properties (e.g.metallurgicalincompatibility), theusers choice of procsing parametersr

each materiaknd transition sttagiesduring printing material B on material. &or example,

the optimized processing parameters for a pure metal A may not be optimal for making a
bimetallic structurehatcontains metal A and metal Bnd he choice of processing parameters
could also have significart impact on the properti€e.g, secondary phase formation
microstructuresand propertigsf thefinal bimetallicstructure Furthermore, moseported
AM-made bimetallistructure are still intheresearch stage, which means thmpgles' size and
shapeare still limited to simple geometries such as cylinders and bléskdiscussed in the next
section, the successful development of bimetallimples has gained various industrial
applicationsAlthough these AMmade bimetallic samples may have remarkable properties, it is
guestionablevhetherthe same compositions can retain the propeoties largeiscaleor for

more complexgeometries teuvive in an actwal applicationTo this end, a comprehensive
review is necessaiyp document recerdgdvances in processinggimetallicstructuressia metal

AM.

This reviewaims to aid materialand manufacturingngineers and researchers who do
nat understand bimetallic AM processirand those whanderstand AM but could benefit from
utilizing bimetallic processinglhe key difference between previous reviews and the current
work is detailed descriptigof worksthatincludes butis not limited tometal functionally
graded materials, which Yabeen extensively reviewd7i 21]. Further, ve detail various
processing strategies and challenges, characterization methods for these structures, physical
properties, and future directiorisis important to note that modeling and simulation are also
crucial for any metal AM process; however, this review does not cover advancements in
modeling and simulation related to bimetallic structuvés.envision that this review will aid
current AM pocessing for bimetallic materials by providing the insights and perspectives

necessary fathefull-scale implementation dfimetallic metal AM technologies.



2.0 Applications of bimetallic structures

Applications of bimetallistructurexan cover many fields such as automobile,
aerospace, energy, nuclear, transportation, and m¢2&a1]. Fig. 3 demonstrates some
images of bimetallic materials applied in today's industrial applicati®gingetallic materials
have been proposeéad body frames, engine block, and pistons to reduce the deadweight
automobilesAdditionally, using Fe/Al bimetallic as a cylinder's wall in the engine could
increase the heat conductivity and corrosion resistdfige3a) [32]. Researchers have
successfully fabricated a laser additive manufacturing (LAM) processed Ti6ABYMICr.Nb
(TCA4/TiAl) bimetallic structure via vanadium interlayer, which could potentially be used as
integral turbine blade discs for aezagines (Fig. 3b) [33]. Aerospacendustries have widely
adopted metal AM technologies since the advantages such as the capability of fabricating
complex shapes and reducing tiamelcost were recognized. NASA has used metal AM
technologies to fabricate bimetallic as channel wall nozalgbleng more flexibility on design
and overcoming challenges such as materials' selection for théeehiglerature environment,
manufacturing methods of large pantsh tight tolerances complex features manufacturing with
high efficiency[34]. Fig. 3c to 3f show the images of metal AM processed bimetallic ngzzle
from NASA. The blown powder DED techniqisbricatesa nozzle manifold witrabimetallic
structurein Fig. 3c. NASA also developed the laser wire direct closeout (LWDC) methigd (
3d), dedicating explicitly to channel closeout manufacturing with monolithic and bimetallic
materials. Although monolithic materials are mainly used for channel wall manufacturing, some
engine applications still demand a bimetallic design solution with pecdmer for a higher heat
flux environmen{34]. A bimetallic nozzle structure implemented with copper liner with radial
and axial compositional gradation could minimize weight and enhance thermal and structural
marging[34i 36]. Stainlesshased oNi-basd siperalloy combined with copper alloys bimetallic
is primarily selected for nozzle structure fabricafidf,37]. Fig. 3e shows the crossection of
an LWDC processed bimetallic intergraded channel closeout. A continuous and repeatable bond

between theibs and the base materials enswtesctural strengtf34]. Explosive welding



(EXW) is a solidstate joining method for similar and dissimilar materials bon[88942]. Fig.

3f shows an example of an EXW processed bimetallic axial liner on a nozzieist{84].

itbine .
S (TC4)

Figure 3. (a) An engine block with four cylinders and the micro image of the-cross
section of a cylinder wall (Fe/Al bimetalli§32]. (b) Schematic showing the laser additive
manufacturing (LAM) processed Ti6Al4V/BAI>Cr.Nb (TC4/TiAl) bimetallic aereengine
turbine bladg33]. (c) DED process implementing nozzle manifold prepara{i@is (d)
Bimetallic nozzle closeout processed by laser wire direct closeout (LWDC) tecfiBddués)
Image of the crossection of LWDC prepared binadlic channel wall nozzlg4]. (f) Explosive

welding processed axial bimetallic liner on noZ34).

Many scientific papers have been published in recent years, focusing on various
bimetallic structures to meet those challenging needs discussed thubtighmanuscrigtL 2i
14,30,4351]. These examples shawmpatible and neoompatible materials joined by simple
direct bonding owarious creative routes. Inconel 718 was used for bimetallic structures with
GRCop84 to improve thermal conductiv[B0], while CoCrMo was joined with Ti to minimize
metal ion release in the body during articula{i®d]. For structural applicatigmimetallic
structures of Ti with Inconel 718 [13] or Al12Ri9], or Al2Os [12] were also demonstrated
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using the directednergy deposition process. The following sections elaborate on innovations in

processing sciencearious characterization approaches, and their applications.

3.0Current AM technologies for manufacturing bimetallic structures

This sectiordiscusses current laskased metal AM technologies for processing
bimetallic structures and related challengezble 1 summarzes some of the advantages and

disadvantages dheseAM technologies

3.1Bimetallic structures using powderbaseddirected energy deposition (DED)

Powderbased directed energy deposition (DED) is a metal AM technology that uses a
focused laser as energy input and metal powder as feedstock makégiada), The metal
powders are fed through the powder feed line bgraer gas, typically argon, to the laser's focal
point. Based on the toolpath design, the working stage moves in X and Y directions in a raster
scanning fashio. The fed powders melt at the laser focal point and create a molten metal pool.
The molten pol experiences rapid solidification during the raster scanning motion and forms a
deposited line. Once the first layer is entirely deposited, the laser head moves up in the Z
direction and repeats the powdbsposition process on top of the previous layeil the part
geometry is complet&he entire work chamber is sealed and usually filled with inert gas during
laser processingyr the melt pool is shielded around prevent oxidationAn O, sensor is
commonly installed inside the work chamber to manit@ oxygen level. Processing parameters
such as laser power, powder feed rate, and scan speed can be adjusted anytime during the
processing. Dual or multiple powder feeders allow bimetallic/rmadtierials additive
manufacturing in a single process. Tamvder feed rate of each powder feeder could be adjusted
individually during the AM fabrication, applying different fabrication strategies. DED systems
can also have a fivaxis or freeaxis deposition head or work stage, anég@l powder
deposition fetures allow laser deposition on a ribett surface and improve the powder
deposition efficiency46].

Many bimetallic structures have been successfully developed using the power DED
technology. Imran et al. utilized the DED technique to process Cu/HLSté&mb part$47].
Cu/H13 bimetallic systems were processed by both direct deposition and intermediate bond

strategies. Additionally, 41C stainless steel was used as a bonding material. The interfaces of the
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asfabricated samples showed porous and cfeedk transition. CAH13 bimetallic processed by

direct deposition showed higher bond strength of 673 MPa than 41C SS buffered Cu/H13
bimetallic structure of 579 MPa. Ductile dimple fracture behavior was observed in both samples
after the tensile tests. The Charpy impact gnef Cu/H13 and 41C SS buffered Cu/H13 was

67.12 J and 67.8 J, respectively. Furthermore, the directly bonded Cu/H13 bimetallic showed
higher fracture toughness of 162.3 MP4#than 41C SS buffered Cu/H13 bimetallic of 152.5
MPa/m"2, Ji et al[48] fabricated a Ti6Al4V/Inconel 718 bimetallic FGM withe DED

technique of 10%, 20%, and 30% Inconel 718 gradient transition [BEyernterfaces showed
defectsfree transition, and the microstructures evolved from columnar to equiaxed grains with
Inconel 718 Moreover, intermetallic phases were formed with the increase of Inconel 718, and
the phase transformation f ol bNdweYd tbh e+ Ts eNg u e¥n
+Laves. The 9 +Laves secti on hduetosohdeshtion ghest
strengthening and precipitation hardening. DED processing strategies have also been used to
fabricate other bimetallic systems such as Ti6Al4V/SS410, Inconel 718/Ti6Al4V, Inconel
718/GRCop84 copper alloy, Ti6AI4V/AI12Si, SS 316L/AI12Si, Al/W, and$leel[13,43

45,49 54].
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3.2 Wire-based additive manufacturing ofbimetallic structures

The wirebased metal AM technology is also a type of DED processing using metallic
wires as feedstock instead of powders. The energy source febagesl AM could be a laser,
electron beam, or an electric/plasma arc. Different-bérged metal AM technologies such as
wire arc additive manufacturing (WAAM), wire and laser additive manufacturing (WLAM),
electron beam freeform fabrication (EBF) have been developed based on different energy
sources. The WAAM and WLAM technologies are thest commonly used wileased AM
methods. The EBF processing requires a vacuum working chamber, and the products fabricated
by EBF generally have excellent dimensional tolerances. However, some disadviualages
low deposition rate, high cost, and slizeitation of the EBF procesgbh5]. The latest wirdbased
AM systems equip dual wire feeders, allowing for bimetallic structures in on€igurb.

Wang et al[56] used then situdual WAAM method to fabricate NiTdoating on a
Ti6Al4V substrate. Pure Ni and pure Ti wires were loaded into each wire feeder. Both Ni and Ti
wires were fed to the molten pool simultaneously to perfarsitu mixing. Argon shield gas
was applied to prevent oxidation during the AM prooegsThree different arc currents (50 A,
60 A, and 70 A) were utilized to investigate variable energy input effects on the NiTi coating.
The results showed that dense and defects free NiTi coatings were deposited on Ti6AI4V
substrate. The coating thicknessreased from 1.56 mm to 1.91 mm as the arc current rose from
50 A to 70 A due to a higher dilution rate. Microstructural characterization showed that NiTi
matrix with minor coarse NiTi dendrites was found in the NiTi coating processed with 50 A.
Only NiTizmat r i xTifimé demdritd$ was obtained in the NiTi coatings processed with 60
A and 70 A. The NiTi coatings' microhardness values processed with 50 A, 60 A, and 70 A were
715 HWo.2, 818 HW .2, and 758 HY 2. Theintermetallic phase formation, mgposition, and
secondary phase size affected these coatings' microhardness aftlesrmore, wear tests
revealed that NiTi coatings significantly increased wear resistance than the Ti6AI4V substrate.
Abe et al. demonstrated stainless steel/nickel digsilmimetallic system fabricated by the
WAAM technique[57]. The stainless steel YS308L was initially deposited on a SS 304
substrate, and then Ni 6082 weld bead was fabricated on top of the YS308L. The interface of the
SS/Ni bimetallic showed no weldirefectsBased on the microstructural characterization,
Au st e n i-ferree were fdundiin the WAAM processed stainless steel YS308loseNi-

based dendritic microstructures were abtained in the WAAM processed Ni 6082 section.
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The microstructurat the interface showed a sharp transition from equiaxed to dendritic. Based

on the tensile test results, the WAAM processed SS/Ni bimetallic had comparable tensile
strength to SUS304L and Inconel 600 rolled material, indicating sufficient bond strengtef

as a mechanical product. A similar study also reported that a WAAM processed steel/nickel
bimetallic structural component had an average tensile strength of 634 MPa, higher than the bulk
SS and nickel alloy58]. The higher strength was caused hyrfimg the intefocking

microstructure at the interface and solid solution strengthening. WAAM processed austenitic
SS/Inconel 625, lovearbon steel/austenitic SS, nickel aluminum bronze/SS, and

AA7075/AA5356 bimetallic systems were also repoftesi 61].

3.3 Bimetallic structures using hybrid additive manufacturing (HAM)

The utilization of metal AM in critical applications is generally limited by attainable
dimensional accuracy, uniformity of materials properties, and surface quality. Mostiofi¢he
the AM fabricated products require pgsbcessing, including heateatment and machinintp
relieve residual stresses and improve the surface finishing. The concept of hybrid additive
manufacturing (HAM) combines machining or subtractive technigtileAM technologies into
one system. HAM could be a potential solution to kegld product manufacturing with tight
tolerance and geometrical challenges. Additionally, combining two procasdeshelpreduce
material wastage and cqé®]. Fig. 4c demamstrates a HAM method combining the milling with
powder DED technique. Once the DED processing completely deposits the layer, the milling
head could flatten the deposited layer to decrease defects and improve the bonding between the
current layer and th@yer to be deposited, consequently improving théspguiality. Other
types of HAM, such as CNC machining with dr@sed DED technique and selective laser
erosion (SLE) with SLM, have been developed and styéi@&db5)].

Li et al.[66] fabricated an Inconel/steel bimetallic structure via hybrid powder DED and
thermal milling system. Initially, the IN718 powder was deposited on a 1040 steel substrate, and
then a thermal milling process was performed before the DED part was cooledepldsidt
avoid preheating for the DED deposition. After the thermal milling process was finished, the SS
316L powder was deposited on the IN718 section. Another milling process was also performed
after the SS 316L was entirely deposited. By repeating #ieps, the final fabricated object was
composed of four sections which were IN7,18S 316k, IN718&, and SS 3164. Based on the
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interfacial characterization result, the interface between INZi& SS 3161 showed a clear
boundary with no diffusion layeHowever, a diffusion layer was obtained at the interface
between SS 316land IN718. Columnar dendrites were seen at the diffusion layer and grown
towards the heat source. According to the EDS mapping, no element segregation was found in
SS 316L sectian An extensie Nb segregation and a small amount of Ti precipitated were
found in the DED fabricated IN718 section. The tensile test results showed that the fabricated
Inconel/steel bimetallic had a UTS of 516 MPa, lower than the UTS of bulk SS316L @49 M
and Inconel 718 (770 MPa). The reduction of the tensile strength was caused by the brittle
intermetallic phase, Laves phase, formation.

Yin et al.[67] reported a study of Al/Ti6AI4V bimetallic system fabricated by a HAM
with SLM and cold spraying (CSThe SLM technique was first utilized to fabricate the
Ti 6 Al 4V section. After the Ti6Al 4V section
for 1 hour to relieve the residual stresses. Surface finishing was also performed on the SLM
made Ti6Al4Vafter the heat treatment. Then, Al powder was deposited on the SLM processed
Ti6Al4V via CS processing to achieve Al/Ti6Al4V bimetallic. No visible cracks were found at
the crosssectional image of the HAM made Al/Ti6AI4V, which indicated good cohesive
strength between the two materials. The phase analysis results showdermetallic phases
formed at the Al/TiI6AI4V bimetallic interface

3.4 Bimetallic structures using powderbed fusion (PBF)

The powdetbed fusion (PBFpased metal AM technologies include selective laser
melting (SLM) that use a laser or an electron beam as an energy source to melt the metallic
powders at the build bd@8,69. The roller feeds a thin layer of metallic powdemf the
elevated feed bed to the build bed then forms a powder bed. The laser or electrpridhedm

w a

scans and melts the powder at the selected area based on the part file's tool path. Once a layer is

completely formed, the build bed is lowered, and lagolayer of powder is fed on top of the
previous layer. The objéstgeometry is finally achieved by repeating the ldyetayer

deposition. Like the DED technique, the entire work chamber is filled with inert gas to prevent
oxidation during processing standard PBF system typically only has one powder feed bed,
which requires powder @imging for bimetallic part fabrication. Recently developed PBF systems
have configurations such as dual powder feed eds.(4d and €) or dual powder feed tanks
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that simplifymulti-materials part fabrication into one single prod@s$. Otherresearchiesults
includingsimulation ofmelt pool behavidcharacteristicat mesoscaléor IN718/Cul0Sn
functionally gradientnaterials the morphology of interfacial microstructure$ Inconel 718
316L austenitic stainless stekésimilar alloys andin situ alloying of multi-metals processed via
laserPBF, have been reported3-75].

In amaraging steel/H13 bimetallic structufabricated using PBF techniq(ig], two
different treatment conditions were applied on théahsicated bimetallic(i) aging treatment
(480 f orc oo etdnNemnai r(i i) solution treat ment
982 f o rcooled). A ¥ompairison study was carried out on thialascated maraging
steel/H13, aged maraging steel/H13, and soltitieated maraging steel/H13 bimetallic
materials. SEM images showed equiaxed coarse grains with a high density of precipitates found
at both adabricated and aged maraging steel/H13 bimetallic interfaces. The morphology at the
interface of solution treatedaraging steel/H13 bimetallic showed lath martensites
microstructures. Additionally, the microstructuretioéd H13 substrate also experienced a
martensitic transformation from equiaxed grains. The nanoindentation mapping demonstrated a
significant hardnesdifference between the H13 substrate (~100 HV) and maraging steel
sections (~800 HV) in both dabricated and aged maraging steel/H13 bimetallic samples. A
uniformed hardness distribution was obtained at the sohitéated maraging steel/H13
bimetallicinterface, ~ 600 HV. Based on the uniaxial tensile test results of maraging steel/H13
bimetallic samples, the solutidreated bimetallic sample had the highest ultimate tensile
strength of 1865.6 MPa than thefabricated of 664.2 MPa and aged of 66@Ra. The
martensitic transformation in the solutitneated bimetallic sample®ntributedto enhaning the
mechanical properties. Another study repottet the SLM technique fabricated an
AISi10Mg/AlCuFeMg bimetallic materidl77]. The AlSioMg powder vas directly deposited on
the AICuFeMg cast alloy substrate with a laser power of 370 W, a scan speed of 1300 mm/s, and
a layer thickness of 30 um. The results showed that large equiaxed grains were observed in the
cast alloy substrate and fine cellulaustures with an average grain size of 540 nm were found
in SLM processed AlgiMg section due to the rapid cooling rates. The elemental distribution
results demonstrated that the AlMg and AICuFeMgcoexisted in the first couple of layers due
to the dilution effect. Moreover, the interface microstructures showed bimodal grains, indicating

a complex metallurgical phenomenon in this region. Other bimetallic systems include SS
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316L/CuSnp, CuSn/18Ni300AISi10Mg/C18400 copper alloysS 316L/Inconel 718)V-Cu
functionally graded materighndTi-alloy-SS via a Ctalloy interlayemere also successfully
processed via the PBF techniq(iédi 83].

Table 1. Advantages and disadvantagé®\M technologiedor bimetallic structure processing

Process Methods Advantages Disadvantages Ref.
{1 High functionalityand 1 Requires support structureg [14,22,46],
integratedeatures 1 Postprocessings usually | [84-87]
Dlzi)r(()avc\:lt(jee(jrt)EiS(-:‘ergy 1 Moderate processing spegd required. .
Deposition i Functlonally graded materia| Povx_/der handling and
DED. DLD. DMD generation ganwronmental/safety
LM’D LE’NS... "I 1 Onthefly processing impact
’ flexibility 1 Mixed powdemrecycling
1 Repair capability complexity
{ Largescale component 1 High input energy/thermal| [14,55,58,
_ manufacturing capability control [61,88]
Di;/gllciz-gaésne;gy 1 Less material wastage 1 Low resolufti.on
Deposition: 1 _I_ov_v m_a}terlal costFeed wire 1 Low er05|t|on rate.
EBE/EBM ' is significantly less expensiv| | Requires support structure
LMWD. WAAM.. |  compared to metal powder | { Needs fgh material
' 1 Easy material handleability ductility
and safety. 1 Postprocessing required.
1 Residual stress/distortions
 High resolutioiaccuracy and 9 Low build rate [75,76],
fine details f More material wastage | [89- 91]
{1 Requires no support structu|  largesize limitation
FF:JZ\i/:;(:\e(FFEESg:) 1 Fully dense parts 1 Powder handling and
SLM. SLS 1 High specific strength and environmental/safety
’ stiffness impact
1 Mixed powder recycling
complexity
{1 High dimensional accuracy | Not suitablewith in-situ [14,91- 94]
71 Uniformity of materials powder bed fusioprocess
properties 1 Higher level of automation
Hybrid Additive | High-quality surfacefinish. for manufacturing
Manufacturing | § Complex eneuse geometrie§ ~ Sequences
(HAM) 1 Reduced material wastage | 1 Materials machinability

and cost

and special clamping
Coolant management and

cleannessluring machining
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4.0Processing strategies

Bimetallic structure manufacturing, especially immiscible dissimilar metals, has
experienced bonding issues due to a significant mismatch in base metals' properties.
Understanding processing strategies is crucial for manufacturing bimetallic structures from the
preceding discussiofrig. 5 showsdifferent build/bonding strategies like direct (bonding)
deposition, compositional layeand intermediate bond layer, incing compositional bond layer
used to manufacture different bimetallic structukesch approach is dependent on the
compatibility of the base materials and how to improve the joint's interfacial property. The
overall concept also reveals how to mitigatearent issues like cracking/delamination, including
debonding features associated with dissimilar metals bonding.

Metal A
Metal A

AM Processed
Bimetallic Structure

1L

Figure 5. Bimetallic structure processing strategies.

Metal A

Material C

Metal A

4.1 Direct bonding
Typical method to fabricate a bimetallistructurearedirect bonding/deposition of one
material over the other solely due to the strategy's ease areffeasivenessTo manufacture a
mechanically reliable joint via a direct bonding process requires that the twoatsaie
metallurgically compatible with forming a singiase solid solution at the joining region and
promote good interfacial bond strength. However, as the thermal properties, especially the CTE

of materialsplay a crucial role during processingedifference between the CTE of the base
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materials should be small to reduce thermally induced stresses responsible for crack initiations
and failures at the interface.

Fig. 6 shows different bimetallic structures processg@direct joining by conventica
and AM methods. Fatonventional processdsigs 6a and bshow bimetallic structures of
titanium alloy/stainless steel materials fabricated via laser butt welding and diffusion bonding
processes, respectivg§s,96]. These joints showettitical bonding issues due tibatnium and
stainless steel incompatibilitiAowever niobium alloy (C103)/nimonic alloy (C263) joint
produced through explosive cladding technifRi@ showedgoodbondng at the interfac&ig.
6¢. The direct deposition approach has been widely used through AM processes to fabricate
bimetallic joints of compatible dissimilar metals. For instance, GR&bwas directly deposited
on Inconel 718 material via the LENS procgt3], Fig 6d. The base matials are
metallurgically compatible since Miu, the base alloy's main constituent elemisran
isomorphous alloy system that exhibits complete solubility. The Inconel 718/G&Cop
bimetallic structure showed good interfacial bond strentivever analloy system like AICu
that exhibits complex binary phases coupled with the base materials' low laser absorptivity is
challenging to process into the bimetallic joint using the laser metal deposition (LMD) method
AlthoughZhanget al.[98] investigatedhe feasibility of fabricating such joint using the friction
stir welding methodthe bond strength was low, as showikrig. 6e

Ideally, the direct bonding approachuissuitable for joining dissimilar incompatible
materials due to complexretallurgical interactions at the materials' interface during melting and
solidification phases. Such incomplete metallurgical reactions lead to brittle intermetallic phases,
and thermally induced stresses result in bonding issues like cracking delamandéicge
porosity. This was evident during laser butt welding of titanium alloy to stainles$Gg&lig.
6a, andfiber laser welding of Ti6AI4V and Inconel 718 alld@9] without filler metal. Even by
offsetting laser beam towards one side of th&ebmaterials to control metallurgical reactions in
the meltpool and improve weld qualitgetrimental brittle intermetallic phases were formed
which led to the low bond strength of the joint. Alsmnilar bonding issues and failure
characteristics werebserved during AM processing of immiscible dissimilar materials thraugh
direct depositionFor example, cracking and delamination features occurred during direct
deposition of Inconel 718 on titanium alloy matefi8,100,101] and Ttalloy with stainless
steel material§44,102].
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Figure 6. Directly bonded bimetallic materials via different joining processes:
(a) Laser butt welding of titanium alloy to stainless si@#], (b) Ti6Al4V and micraduplex
stainless steel diffusibonded joint$96], (c) Explosive cladihg C103 niobium alloy over
C263 nimonic alloy97].
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4.2 Compositional gradation

The preceding sectiaescribed the direct bonding technique as aefisttive and
straightforward method to develop bimetallic joints of compatible dissimilar metaigever,
such joints are sometimes characterized by aaeflhed interface. In most cases, they are
suscetible to cracking and delamination features at the interfacial region due to sharp variation
in properties This issue could be mitigated through the compositional gradation approach. The
technique involvegradually transitioningne material's composit into the other across the
composite interfacgl03]. Compositionally graded structures (CGS), often called functionally
gradient materials (FGMshenefit morghansingle and directly bonded structures. FGM
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processing creates the opportunity to use materials composition as a design tool for properties

enhancemerjtL04]. Fig. 7 shows different bimetallic structures developed via this approach. For

instance, a rocket nozz#haped structure made of titaniunog/Nb materialg§104], shown in

Fig. 7a, was fabricated through a gradient composition asthesture's throat sectioRigs. 7b

and cshow functionally graded TA15 to Inconel 718 materja] and a bimetallic joint of

Inconel 718/GRCo84 materialg43]. Processing of compositionally graded Incestelel

multilayer material using powder bed fusion processalsasbeen demonstrate#ijg. 7d [105].
Although compositional gradation techniqueralside modified processing parameters

has shown promise to manufacture bimetallic structures of some difficodind dissimilar

materialg 101], such technique is most suitable for compatible dissimilar metals. Practically, if

two materials cannot bordirectly, bonding them compositionallyassochallenging/13,106].

CGS can be designed with stepwise material composition viaipieg or by smooth gradation

through dynamically mixing. Both methods have been used extensively to develop desired

propertyspecific bimetallic product®AM processedGMs with smooth trarisoning show

evenly distributed properties across the mixing zone. Both thermally induced and residual

stresses are primarily reduced on FGM structures, especially for parts usedtenipghature

gradient regions. While DED systems are more suitalledimpositional gradation processes,

the powder bed system still poses critical challenges due to difficulties in mixed powders

separatiorj14,105].
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Figure 7. Compositionally graded bimetallic materials: (a) Compositionally graded Ti64 to Nb
nozzle structurgl®4], (b) Crack elimination via base preheating and functional gradation of
TA15 to Inconel718 materia[401], (c) In 718/GRCoB4 bimetallic structureiva L ENSE
system[43], (d) Inconelsteel multilayers by liquid dispersed metal powder bed fUgioH].
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4.2.1 Pre-mixingapproach Premixing involves a selective blending of a certain

proportion of materials A and B in a mixer. A thorough blending of paetders is sometimes
performed with ball milling media. This practice ensures that the powders are uniformly mixed
Powder mixing with milling media requires a high weight ratio of powders and should be
carefully selected to avoid grinding, thus reducimg powder particle size distribution after ball
milling. There are no general baseline criteria for a powder to ball weight ratio, as powder weight
and desired compositions vary. In powder mixing without milling media, an extended period is
required to olatin a homogenous mixture, atigk duration depends on the powders' overall
weight to be blended. Mixed powder composition can incrementally vary by weidiur%.
instance, pranixed powders containing 10 wt% of powder material A and 90 wt% of powder
materal B or 20 wt% of material A with 80 wt% of material B up to 50 wt % of both powders
can be obtained. Each composition is poured into a powder feeder of an AM machine and
deposited as a compositional layéth in situ alloying duringbuild [107]. The sequence and
number of depositions depend on desired design of the compositional gratiaé@equence

can dso be reversed, including powder materials' wt% combinatiéigs. 7b and cshow
functionally graded TA15 to Incon&lL8[101] structure andnconel 718/GRCoy84 bimetallic

joint [43] fabricated via preanixed powder strategy.

4.2.2 Dynamically mixingapproach Instead of pranixing powders in an external

mixer before loading the blend into a single powder hopper, each powder is loaded into different
hoppers, as most modern DED systems are equipped with multiple powder fEébdses.

powders are automatically nas on the fly during the depositiogither at an integral mixing

unit along the intersection of the powder delivery lines or the deposition head. This process is
calleddynamically mixing, where the bimetallic material's composition is varied throughgrowd
flow rate controlled by the powder feeder motors. For instance, hopper 1 is filled with powder
material A, and hopper 2 is filled with powder B, then a 50/50 wt % of materials A and B can be
deposited when the powder feeder motors are set to the senati@mal feed rate. Likewise, by
increasing one of the motor's spseadd decreasing the other accordingly, the bimetallic
material's composition can be varied as desired. Both Sahasrabudh&G® @nd Reichardt et

al. [108] used this technique toldeacate bimetallic structures of titanium alloy (Ti64) and

stainlesssteel materials. Likewise, functionally graded alloy of SS304L and Inconel 625
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materialg31] and bimetallic joint of Ti6AI4V+AI12Si materials were fabricated &ia

dynamically mixing proced#9]. The input motor feed rate (rev/min) is typically calibrated to

the powder flow rate in g/min experimentaltyestimate the percentage composition by weight

of each powder material in the mixture during depositidowever,such estimation is usually
inaccurate after deposition because not all the powder materials blown into the melt pool region
are melting. Some are blown off based on density variation. Such powders are mostty seen a
waste/unused powders around the buildraber Hence, pasprocessharacterization is

essential to fully quantify materials' percentage composition along the graded section of the part.

This is one of the demerits of the dynamically mixing approach during FGMs processing.

4.3 Intermediate bond layer

While joining compatible dissimilar metals can be achieved easily via direct deposition
and compositional gradation approaches, processing bimetallic joints of immiscible dissimilar
materials using those techniques is difficult due to several factorstedést are (1) mismatch in
metallurgicalproperties of the baseaterials which promote the formation of a twahase solid
solution along with brittle intermetallic phases, leading to debonding features; and (2) wide
variation in CTE of the basmetals viich induces thermal/residual stresses during processing.
These stresses aidrack initiationandpropagation at the bimetallic joint's interface leading to
delamination and, in most cases, complete failure of the[jd3M4,100i 101]. Debonding
phenomean is usually evident during compositional gradation, as the base materials' immiscible
elements intereacts at the gradient region of the bimetallic jfli3,104,109]. The formation of
atwo-phase solid solution could be attributed to the limited solubility of one element into
anotherowing to thermodynamic mechanisms Itkigherentropyof mixing (DSmix) and
enthalpy of mixing PHmix) [110,111], as alloying elements reach equilibrium linktactors
related to HumdRothery ruleg112i 114] also play a vital roleHence, a study dhe bimetallic

base materials' main constituent elements' phase diagrams is essential.

Forexampleit is difficult to reliably join Nibased alloy td’i-based alloy or Fbased
alloy to stainless steel materials {F&sed alloy) directly due to Ni and Fe with FCC crystal
lattice structures and Ti with BCC structaremetallurgically incompatible. As such, they form
brittle intermetallic phases of 2Ni and TiNi or FeTi and Fgi, as observed in the respective

phase diagrams of Nii and FeTi binary alloys systemfgl 15]. To mitigatethe challenges
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associated with incompatible dissimilar metal bonding through direct joining or compositional
gradationan intermediatdondlayer (IBL) build strategy was conceptualiZdd2]. The IBL is

athird compatiblanaterial that acts as a behdk and diffusion barrier to dissimilar metals'
immiscible elements. This strategy has been the subject of intensive experimental research by
many groupsSelection otandidate materidab be used as an intermediate bonetagvolved
rigorous research exercise, as such material must possess unique characteristics to overcome the
inherent issues associated with incompatible dissimilar metal bonding and improve bond
strength. These characteristare stated here as: (1) pati@l to impede the elemental diffusion
between the two immiscible materials to mitigate the formation of brittle intermetallic phases;
(2) ability to stabilize reaction product (brittle intermetallic phases) if formed during processing;
(3) capacity to fan stable phases, especially with the primary constituent elements of the
dissimilar materials; and (4) ability to lower induced thermal stresses caused by thermophysical

properties' mismatch at the bond regjiba].

Single and multimaterials interlayers have been used to develop various bimetallic joints
of difficult-to-bond materials. For example, single materials like nickel [(N§,117], copper
(Cu)[118i 120], and silver (Ag)121], including niobium (NbJ44,122] have been used as
interlayers to join titanium/TFalloy to various stainlessteel material§Fig. 8. Multi-materials
used as interlayers include-8r [102 and AgCu[123]. In fact, during the early stage of
bimetallic joint development, NCr material was used as an interlayer to fabricate the bimetallic
structure of SS410/Ti64(g. 8b), openng up the possibilities of met&M of multi-materials
structureg§102]. Meanwhile, multinterlayered materials like Nb/Qu24] have been used to
join Inconel 718 to TFalloy (Fig.8c), while Ni/Cr[125] and Nb/Cu/Ni126] for titanium to

stainless steel bimetallic structures.

4.4 Compositional bond layer (CBL)

The concept of using an intermediate bond layer (iBlusedor really difficult to join
dissimilar metals. However, depending on the third material used as an interlayer, sharp
interfacesmay occur alongside other properties' variation at the bond re€fpdiarther improve
the bonding capabilities of immiscible dissimilar metalsyui®a et al. (2018)13] investigated a

novel approach called compositional bond layer (CBL). This concept was first employed to
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fabricate a bimetallic joint comprising a nickedsed alloy (Inconel 718) and titanitbased
alloy (Ti6Al4V), Fig. 8d. CBL is amixture of base metals with a third compatible material in a
particular proportion. The approadHferedfrom the multimaterials interlayers discussed in the
previous section.

During thelnconel 718/Ti64 bimetallic structure processihgttle intermetallic phases
of Ti>Ni and TiNk were formed, leading to delamination, debonding, and failure of the joint.
Hence, an interlayevas required, and vanadium carbide (VOuld form a singlephase
solution with both Ni and Ti, the main constituentnedémts of Inconel 718 and Ti64, was
selected. However, VC is an extremely hard materiedducinga spike in hardness at the bond
region if used as a single bond layer. Therefore, by depositing a mixture of VC + Inconel 718
and Ti64 materials in a spedfiatio as a CBL, the high mechanical and thermophysical
properties' variation like hardness spike and induced residual/thermal stresses at the bimetallic
bond regiorwas lowered. The CBL stabilidereaction products while enhang the region's

bonding caability to improve the bimetallic structure's mechanical reliability.
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Figure 8. Bimetallic materials processed via Intermediate/Compositional bond layer

approaches: (a) Functional bimetallic joints of Ti6Al4V to SSEH), (b) Stainless steel to
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Ti bimetallic structurg102], (c) Laser AM of TA15- Inconel 718 bimetallic structureavi
Nb/Cu multiinterlayer[124], (d) AM of Inconel 718 Ti6Al4V bimetallic structure$l3].

5.0Critical challenges in processing bimetallic structure via additive manufacturing

At presentmanufacturing bimetallic structures via AM is in its infancy, and there are many
issuesassociated with processing such structures utilizing metalisechallengesan be
clusteedinto material angrocesselatedissuesLack of standardoftware/programs capable of
designing gradient material interfaces in bimetallic joint AM, including integration of such
programs to HAM has been report@di[ 94] as well.The following sections extensively
discuss other aspects of bimetallic jathiracterization, such as microstructural analysis and

bond strengthrielated issue

5.1 Material compatibility issues

Precedingsectiondiscussions showhatmaterials' characteristics, such as properties,
chemical composition, andanufacturability, aressentiafor AM of bimetallicstructure.
During AM processingdf immiscible dssimilar metalsthe formation of brittle intermetallic
phasesinduced streses and defects at the interfacial regisnnherent14,8590]. The wseof
IBL materialto bond such metals proved promisibgtsuchbimetallic joint interface involves
complex mixing of materials with neumiform distribution and properties across the regi®) [
44127,]. Selecting acompatible bond layer material to enhattoefabrication of a reliable
bimetallic joint istedious and sometimes not feasild8,p2,44102,123,126]. The fudy ofthe
alloy phase diagram provides a baseline for understanding alloy compositions and cues to
materialcompatibility. A ternaryphase diagraraontains multiple equilibrium regions at
different eutectic temperatures with complex elemental composifats regionsire difficult
to analyzeincludingdetermining suitable alloy compositions that will mitigate filrmation of
brittle intermetallc phasesTherefore sound knowledge of material sciencessentiato
comprehend variances thfeternaryphasesystem, includinghe sequence of equilibrium
crystallization Also, there isaneed taexpandhe scope inestablishing a comprehensive
database for compatibieaterialsspecificas moreadvanced materials, including supkoys, are
being developed
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5.2 Defects

Defects are undeniably the most common issue while using metal AM techniques to
process bimetallimaterials. Even though metal AM is a wa#veloped technology and can
process multcomposition materials, the-&sbricated product may still have defects, especially
at the interfaceDefects are common in a singieaterial metal AM process, such asgsity,
cracking, unmelted particles, etc. However, for bimetallic structures, apart from those defects,
another set of defects generate due to compositional variations within the stiigtude.
demonstrates some common types of defects which occwe imtté¢inface of AM processed
bimetallic materials. In general, the bimetallic material system can be categorized as
homogenous and inhomogeneous based on the two metallic materials compatibility. For the
homogeneous systerfig. 9a), since the two metallimaterials are compatible, which means a
similar coefficient of thermal expansion (CTE), good solid solubility, and high diffusion ratio in
each other, they can be joined by direct deposition. Some common defects such as unmelted
particles and microvoids nabccur at the homogenous bimetallic system interface due to the
imprecise control while transitioning the material. Using metal AM technologies, especially the
DED technology, to fabricate bimetallic structures typically reguavatching processing
paraneters to manufacture different materials. Although current metal AM systems allow
changing such processing parameters on the fly, it is still possible to have imprecise control
issues, such as keeping unwanted poveksttingin the powder feed line andaocurate laser
power adjustment when changing laser power. These issues could cauashdgaranmelting
of the fed materials at the interface and ultimately cause unmelted particles and micropore
formation. BothFig. 9b and9c are examples of the DED processed Ti/Ta bimetallic system. In
Fig. 9b, the SEM and EDS images of the interfaeéween a Ti6Al4V (Ti64) substrate and
composition of DED processed 25% Ta/75% Ti64 sedfi@fd]. Unmelted Ta particles can be
observed near ¢hinterface of these two sections. Additionaltig. 9c shows the Taoated Ti
bimetallic structure's SEM imagmicropores could be seen at the DED fabricated Ta section
[129].

Using metal AM technologies to process an inhomogeneous bimetallic system is even
more challenging than a homogeneous system. Since the two metallic materials to be processed
are incompatibletheywill likely form secondary phases at the interface. Mb#te@secondary

phases are brittle intermetallic phases, plus metal AM is a rapid solidification process; these
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conditions could easily result in weak bonding and cracks. Although many processing strategies
for AM of dissimilar bimetallic structures arevddoped, it is impossible to eliminate the

formation of the secondary phask®oreover, the significant difference in CTE between the two
metallic materials is another reason for the crack formafign 9d demonstrates a schematic of
the common defectd an AM processed inhomogeneous bimetallic system. As mentioned, both
cracks and secondary phases commonly occur at the interface of the two dissimilar materials.
The cracks could be both external and interfigl. 9e shows the images of a DED processed
Ti64/AI12Si bimetallic cylinder. This bimetallic structure was processed by applying the
compositional gradation strategy and composed of five sections (Ti64 substrate, (Ti64+AI12Si)
pure Al12Si, (Ti64+Al12Shand pure Ti64). External cracks could beared at the interface
between the (Ti64+Al12Siand pure Al12Si section, as well as the (Ti64+Al12&nd pure

Ti64 section. SEM images showed unmelted Ti64 particles at the transition sections. Complex
secondary phases were also formed due tateszinduced chemicaleactionof the two

materials. Phase analysis results showed &gl TsAI intermetallic phases were formed at the
compositionally graded transition zones. The formation of these phases was caused by both
compositional and energy inpuariations[49]. Fig. 9f demonstrates the -dabricated DED
processed Ti64/Inconel 718 bimetallic syst®ue to significant CTE differencethe direct
deposition technique found critical delamination between the two mat&edearchers

switched to using a compositional bond layer with vanadium carbide (VC) to enhance the bond
strength between Ti64 and Inconel 7A&hough no significant cracks were found at the

interface between the compositional bond layer and the p@#deséction, the SEM image

showed thatinmelted particles and micropores could still be seen, indicative aim@orm

melting at this regiofil3]. Fig. 9g shows the images of a DED fabricated SS 316L/Al12Si
bimetallic system which contains four differesaictions (pure SS 316l, (SS 316L+AI125(pS
316L+AI12Si}, and pure Al12Si) by applying compositional gradation strategy. Horizontal
cracks could be observed at the interface between the pure SS 316L and (SS 316L#+Al12Si)
section. The crossection imag of the adabricated SS 316L/Al12Si bimetallic structure shows
that the crack penetrated the entire interface. The crack formation was caused by a large amount
of brittle intermetallic phases. Researchers improved the design by reducing the number of

transition layers to reduce secondary phase formation. Howiatemal micrecracks could still
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be observed at the interface based on the microscopieiniag XRD analysis confirmed that

multiple intermetallic phases such as FeAbAte and FeAt were brmed at the interfadd5].
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Figure 9. (a) Schematic of common defects that occur at the metal AM interface processed
homogeneous bimetallic system. (b) SEM and EDS images of the interface between Ti6Al4V
substrate/25%TF@5%Ti system processed by DED metlip@7]. (c) SEM image of a DED
procesed Ti/Ta bimetallic systefi29]. (d) Schematic of common defects that occur at the

interface of metal AM processed inhomogeneous bimetallic system. (e) Images of a DED
processed Ti64/Al12Si bimetallic system and the microstructures at the in{d@ad® Images

of the asfabricated Ti64/Inconel 718 bimetallic system processed by DED method and the
microstructures at the interface between the compositional bonding layer and pure Ti64 section
[13]. (g) Images of a DED processed SS 316L/AI12Si bimetallic system;s#o8en image of
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the asfabricated SS 316L/Al12Si bimetallic, and the microphotograph of the interface between
the SS 316L and Al12$45].

5.3 Processing parametersoptimization

Proessing parameters are the critical factors for metal AM to control part quality and
performance. Generallhe processing parameters need to be tested and optimized when using
metal AM to process metallic materials, especially novel matekhist laseibased metalAM
systems allow users to control the processing parameters such as laser power, the feed rate of
feedstock materials, and laser scan speed. Some advanced systems even allow adjusting the
processing parameters on the fly based on print quiititiple strategies could be created to
fabricate bimetallic structures using metal AM technologies by taking these adsantag
However, there are some challenges wélectingorocessing parameters for bimetallic
structures.

The first challenge is thiack of standards. Unlike many traditional manufacturing
methods with a mature processing standard, the processing parameters for metal AM are
machine and methedependent. It means the processing parameters for the same metallic
material using differerlaserbased metal AM technologies or the same technology, but a
different machine could be differefitable 2 summarizes some reported processing parameters
of selective laser melting (SLM) and DED processed Ti6Al4V. Comparing these two methods is
that boh SLM and DED are lasdrased metal AM technology, and they all use metal powder as
feedstock material. According to the table, the processing parameters for Ti6Al4V fabrication
using SLM and DED methods are different. In general, the laser power uggddessing
Ti6Al4V by SLM is lower than DED, and the scan speed is much faster than DED.
Understandably, SLM is more adapted in current manufacturing industries, and the time cost
needs to be considered a priority. However, even using the same metal Abtisyehe
processing parameters for processing Ti6AI4V still significantly differ. Specifically, for using
SLM to process Ti6Al4V, the selected laser power could vary from 157 W to 340 W, and the
scan speed can be from 225 mm/s to 1250 mm/s; for usingt®pgidcess Ti6AI4V, the chosen
laser power have a range from 330 W to 2100 W, and the powder feed rate can be from 2 g/min

up to 14 g/mirf130i 139]. Despite the variation of the feedstock material's quality, the
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processing parameters for a specific metallic material using metal AM technology are not only

method depended but also machine depended.

Table 2. A summary of processing parameters for Samdl DED fabricated Ti6Al4\and
bimetallic structures using Ti6AI4V

_ Processing Parameters
Material | Processing  Reporters
methods Laser power Scan speeq Powder |  Layer
feed rate| thickness
Ju et al[130] 280 W 1200 mm/s - 30 um
Dentiet al.
1131] 340 W 1250 mm/s - 30 um
Kasperovich et
SLM al. [132] 200 W 1250 mm/s - 40 pm
Simonelli et al.
[134] 157 W 225 mm/s - 50 pm
Mertens et al.
TIBAIAY [135] 175 W 710 mm/s - 30 pm
Bandyopadhyay 13-20 . 0.152
et al.[133] aas W mm/s 14 g/min 0.178 mm
Liu et al.[136] 330 W 15 mm/s | 2 g/min -
Buciumeanu et 12.7-16.9 9.36
al.[137] 350W mm/s g/min 0.02mm
Xue et al[137] 2100 W 12 mm/s | 14 g/min -
Bonaiti et al. | 710/800/940 10 mm/s 7.2 )
DED [139] w g/min
Ti6AlI4V Zhang et al. 30071 425 | 107 16.25| 671 17.3 180um
+ Al12Si [49] W mm/s g/min H
Ti6Al4V . .

+ Inconel Onuike et al. 375- 450 W 5-8.3 i 20071 250
718 [13] mm/s pHm
Ti6AlI4V Onuike et al. 5-6.7 150- 200

+ SS410 [44] 375-450W 1 s ) um

The second challenge is the optimization of processing parameters. As previously
mentioned, the processing parameters are highly dependent on each machine. Therefore,
optimizing the processing parameters for metal AM requires a series of experimerggeft is
more challenging to optimizke processing parameters of AM of bimetallic structures,
especially for joining two dissimilar materials. Since the dissimilar materials cannot be directly

joined together due to the significant difference in the thepmogderties, a compositionally
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graded transition or a bonding material is needed. The processing paramestrs adjusted

while fabricating the transition region to get an interface with minimized defects. Chefvéf al.
investigategorocess paramet&rinfluence on the interfacial characterization of selective laser
melting SS 316L/CuSn10 bimetalli€ig. 10aand10b show the agabricated SS 316L/CuSn10
samples and the design of the bimetallic strucfline SLM processed bimetallic structure

composd a pure SS 316L section, interfacial layers (20 layers), and pure CuSn10 section. The
researchers performed the three factors and five orthogonal experiments on the interfacial layers
to study the effects of laser power, laser scan speed, and hatchrspaoecation and

performance optimization. Volumetric energy input density (s used to describe the effects

of processing parameters which shows as follow:

o — (1)

Where E (J/mn?) is the laser energy input densiB/(W) is laser power, v (mm/s) is scanning
speed, T (mm) is hatch space, and h (mm) is layer thickifigs4.0c and10d show the results

of orthogonal experiments, in which the conditions were P = 260 W and v = 600 mm/s
correspondingly. For condition Fi@g. 10c P = 260 W), by adjusting both laser scan speed and
hatch distance, the energy input density varied from 101.363}281.11 J/mrh The results
showed severe cracking at the interface when the energy input density was low due to
incomplete meltig. The defects were significantly minimized by increasing the energy input
density (231.11 J/m# but pores and microcracks could still be found in the interfacial region.
Similar findings were also observed in conditiorFiy( 10v = 600 mm/s). Under cmlition 2,

the laser scan speed remained constant at 600 mm/s. By controlling the laser power and hatch
space, the energy input density ranged from 180.56 Jfm#51.85 J/mrh Only pores were
observed at the interface when low energy input density wakdplmprovement was made by
increasing the energy input density to minimize the defects, but vertical microcracks could still
be seen at the interfacial area when the highest energy input density (251.8pwiasiapplied

[72]. Other papers also disaesl the metal AM defects' and their relationship to processing
parameter§l20,140i 143]. At present, obtaining a defeftee/minimal defects AM processed
bimetallic structure is still challenging and requires extensive experimentation for processing

parameter optimization.
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Figure 10. (a) Asfabricated SS316L/CuSn10 bimetallic structures processed via SLM. (b) The
design of SLM processed SS 316L/CuSn10 bimetallic structure. Optical microimages of the
interface in the SLM fabricated steel/bronze bimetallic structures: (c) when thedaser is

260 W, (d) when the scanning speed is 600 njiifls

6.0 Microstructure evolution of AM processed bimetallic structures

Understanding the microstructure evolution in AM processed bimetallic structures can
aid the processing parameters optima@agnd predict or even tailor the fabricated product's
properties. The microstructure of AM processed bimetallic structures could be significantly
affected by the processing parameters and compositional variation. The microstructure variation
can ultimatéy impact the mechanical properties of the matsriethe mostcommonlyprocessed
AM bimetallic joint systems and extensively researched arartk Tibasedalloy materials
others include Niand Cubased alloys.

6.1 Febased bimetallic systems

Since AM processed bimetallic materials have gained much attention recently, many
bimetallic systems' microstructure evolution was studied and reported. Demir et al. studied an
SLM-made Fe/Al12Si bimetallic systefid4]. The Fe/Al12Si bimetallic was fabeted by a
dual powder feeders SLM system and consisted of three sections: pure Fe, 55 vol% Fe/45 vol%
Al12Si, and pure Al12Si sectionBi@. 11g. The hatch distance for all sections was set as 110
pum. The laser power and scan speed used for fabricatedeetion were: pure Fe (236 W, 120
mm/s), 55 vol% Fe/45 vol% Al12Si (142/236 W, 33/50/67 mm/s), pure Al12Si (236 W, 40
mm/s). The density analysis showed that thtabscated Fe/Al12Si bimetallic had a high
density { > 99%). The microstructures in eagction were characterized and depicted-as (
113). Due to rapid cooling cycles, fine microstructures were fournmline Fe and\l12Si
sectiors. However, large grains with a grain size range of 50 to 70 um were obtained in the
Fe/Al12Si bimetallic comgsition zone. In a previous study, using a smaller laser beam diameter,
low laser power, and high scan speed could result in finer grains of an SLM fabricated Fe/Al
material with prealloyed Fe/Al powdef145]. The microstructural images suggested thatlFeA

intermetallic phases were formadsitu during the SLM processing. Another study conducted by
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Liu et al. demonstrated the interfacial microstructures of an SLM processed SS 316L/C18400
copper alloy bimetalli§146]. The pure SS 316L section was first processed with a laser power
of 125 W and a scan speed of 150 mm/s; the pure copper C18400 aldyrecdly deposited on

top of the SS 316L section with a laser power of 300 W and a scan speed of 400 mm/s. An
intermixed zone assisted with diffusion could be found aS®hend copper alloy interfacéhe
measurement showed that the intermixed zoneahthttkness of ~750 pum, which indicated
significant dilution between these two materials. The pure SS 316L section showed a uniform
and crackiree morphology. However, vertical cracks were observed at the interface between SS
and copper. The pure coppectson showed a large porosity because of insufficient melting due
to copper alloy's high laser reflectivity and thermal conductivity. The SEM analysis was
performed at the SLM processed SS 316L/Cu alloy interface to study microstructure evolution
(Fig. 11b). Three different zones: zone A: pure SS, zone B: SS 316L/Cu interface, and zone C:
pure Cu alloy, were selected and analyzed. The pure SS section had both ultrafine grains and
coarse elongated grains. The microstructure at the SS 316L/Cu interface shaneure of

fine SS and feathery copper. In zone C, the feathery microstructures were dominated. The EBSD
result showed that the grains' random orientation occurred at the SS 316L/Cu alloy interface.
Since the SLM technique is a laygy-layer fabricatbn method, grain growth in previously
fabricated layers could occur due to multiple thermal excursions. Furthetirraglt pool
underwent supercooling as rapid solidification was involved in the SLM pingegdthough

Fe-Cu were completely miscible the liquid state, the high cooling rate separated the liquid Fe
and liquid Curesultingin an incomplete diffusion. After the solidification, the Cu alloy

solidified as the matrpand the SS formed as fine spherical precipitdtas (1h).
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Figure 11.(a) Design, a$abricated and crossectional microstructures of the SLM processed
Fe/Al12Si bimetallic componeifit44]. (b) SEM results of the SLM processed SS 316L/C18400
copper alloy bimetallic materi§l46].
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Ahsan et al[147] studied the microstructure evolution of a wéne additive
manufactured (WAAM) SS316L/Inconel 625 bimetallic structirig.(.28). The ampere and
voltageused for fabricating the SS316L side were 200 A and 13[h¥ ampere and voltage
utilized for procesing the Inconel 625 side were 148 A and 14.5V, respectively. Other
parameters, such as moving speed, torching angle, travel angle, and layer thickness, were fixed
as 600 mm/min, 90°, 90°, and 3 mm. The bimetallic structure was deposited ocarlmmn
steel substraterig. 12bdemonstrates the SEM images, EDS mappings, and EBSD results of the
microstructures on the SS316L side. According to the results, the columnar grains with an
orientation towards the build direction were obtained in this sectionhifher magnification
i mage r ev e adiferites/(adark negianyirl aa austenite matrix (light region). The
formation of this type of microstructures suggested a fegititgenite (FA) type of solidification
with a moderate cooling rate. In FA sofidation mode, austinites started to form along with the
ferrite cell and dendrite boundaries through a periteattectic reaction at the end of primary
ferrite solidification. As the molten pool cooled through the ferrite + austenite field, the ferrites
be@ame unstable, and the austenite phase constimderrites until the ferritesere sufficiently
rich in ferritepromoting elements (Cr and Mo) and depleted in austpnimoting elements
(Ni) [147,148]. Based on t he el-fermesshowaed a higlrepcpncentgaton of t h e |
Cr and Mo. Ni was the dominant element in the austenite matrix which supports the
aforementioned microstructuteansformation mechanisrithe EBSD results identified a few
large grains in the SS316L section, although tlagngsize distribution showed a higher number
fraction of smaller grains. Based on the results of the EBSD and the pole figures, <001> grain
growth direction was suggested in the SS316L sedgign.12cshows the images of the
microstructures, EDS mappis@nd the EBSD results at the interface of the SS316L/Inconel 625
bimetallic structure. Unique microstructures were showed on each side. The EDS results showed
that Cr was distributed across the interface homogeneously. Additionally, Ni, Nb, and Mo had a
higher concentration on the Inconel side, whereas the SS316L was rich in Fe. Moreover, a slight
diffusion of Fe was obtained on the Inconel side. No elemental segregation at the interface was
seen. The EBSD analysis results showed a continuous grain gnotléh<001> direction. No
crystallographic discontinuity growth was observed since both SS316L and Inconel 625 had an
austenitic FFC structure with a preferred growth orientation of <dbifj>12ddemonstrates the

images of microstructures, EDS mappimgl ahe EBSD results on the Inconel 625 side. The
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SEM images showed the microstructures were fully austenitic with three distinct boundaries,

which were solidification grain boundary (SGB), solidification subgrain boundaries (SSGBS),

and migrated grain bodaries (MGBs). These grain boundaries could be clearly distinguished

due to compositional differences caasmeptar ed t o
phases were found in the Inconel 625 section. The EDS mappings showed higher Nb and Mo
concentation in Laves phase. The EBSD results showed periodic alternations betaeen

refinedand coarse columnar grains due to the difference in temperature and cooling rate within a
single layel{149]. The pole figures suggested a strong directional graiwtrdirection of

<001> along with the build direction.
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Figure 12.(a) Wire-arc additive manufactured (WAAM) SS316L/Inconel 625 bimetallic
structure. (b) SEM images, EDS mappings, and EBSD results of the microstructures on the
SS316L side. (c) SEM imagEDS mappings, and EBSD results of the microstructures at the
interface. (d) SEM images, EDS mappings, and EBSD results of the microstructures on the
Inconel 625 sid¢147].

6.2 Ti-based bimetallic systems
The microstructures of the DED fabricated Ti6Al4V/V and Ti6Al4V/Mo compositionally

graded materials were studied by Collins efla1]. The energy density was utilized from
300007 100000 W/crito fabricate the Ti6AI4V/V and Ti6Al4V/Mo FGMs on the Ti6AI4
substrate. A set of backscattered SEM images at theseotien of Ti6AI4V/V FGM with
increasing V content is shownfilg. 13i. Wi d ma nT laths withe smallvolume fraction
o f -Ti fwere seen at the composition ofTi. 8 %-T\ . | (h t-Ti grains wele also found in
Ti-:3% V section. -Aiddgrtaiomalbdwyndadhyiinkilassectibe.c or at e
A significant microstructure change was found when the V increased to 5%. The addition of V
decreased the voTiume df t diet iaore-Middipse THeeesdifiedh of t h
mi crostructur e c on s-lisathe chlled Hasketweave micrastruetdres. Inmi x e d
theTi-6 . 8% V section, the increased V cdintent r e:c
precipitatd and furt her r e f-TilatlesdThi$ gihenonctmos was possibly i on o f
caused by the solistate annealing on existing layers during the laser processing, resulting in
secondary precipitation wit hi nUprdtipitatesavhsai ned b
caused by primary precipitation of UTiwdasthin b
a result of secondary precipitation during pdsposition annealing. The microstructurethie
Ti-8% V section were similar to the-6i8% V section but with a smallerr i maTirlaghs. U
When the V content i ncr e asldalhsadfthe shroe%izewerai f or ml
found. A si gni-Tiinvolume fradien evas®@tained wheh théJV content was
enriched to 10%. Fut her decr e as e iTnlaths wds alsoseerfile@-d2% on o f
V. section. ATsksol athe wagef ofTtgkmboundaiésivere d , and
decor at ed -Th ¥he thicrestucter¢ i®rTL@ % V s howed fTuThey st abi
microstructure evolution of the DED processed Ti/Mo FGM is shovifign13ii. The trend in

mi crostructure variation was si mil-adtaths o t he D
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were the predominant microstructure when the Mo concentratiorowa$\hen the Mo content
increased to 5.5%,Tit hvea sv od iugnei ffircaamnti loyli iorf c rbe a s
precipitates were uniformly distributed withi
concentration (>5% Mo), the thicknesstoh €Ti wds reduced substantially. The precipitation

along the grain boundaries became more discretized and eventualtyebeguiaxed. Similar

results were also obtained by Schneifierunoury et al[150]. Fig. 13iii illustrates the EBSD

results of a DB-CLAD processed Ti/Mo FGM with a variation of 0920% Mo concentrate

from bottomtotodl50]. The pure Ti secti ofgrqwn®wadsntheed | ar
build direction with a texture of <10@>With Mo content's increase, a significant chaofje
microstructures with the formation of equiaxed grains was observed. Moreover, the size of the
equiaxed grains decreased with the further addition of Mo. The formation of finer equiaxed grain

was caused by remelting the previous layer during the lasBrgdé&cessing.
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Figure 13.(i) Backscatter SEM images of the DED fabricated Ti/V F(AM1]. (i) Backscatter
SEM images of the DED fabricated Ti/Mo FGW#41]. (iii) EBSD results of a DEECLAD
processed Ti/Mo FGM with a variation of 0920% Mo concentrate from bottom to tE®0].

Xu et al.[151] utilized an Nb bond layer to fabricate a Ti6Al4VéAICu bimetallic
structure via WAAM with a cold metatansfer technique. The wire feed speeds of Ti6AI4V and
Als21Cu were set as 8 m/min and 4 m/min, respectively. Initially, 9 layers of Ti6Al4V were
deposited on the Ti substrate. Then the top of the deposited Ti6Al4V was grounded to obtain a
flat surface ér fixing the Nb foil. The Nb interlayer was joined with the deposited Ti6Al4V by
tungsten inert gas (TIG) welding. Finally, 19 layers af ACu were deposited on top of the
polished Nb interlayefrig. 14aillustrates the EDS mappings at the interfathe WAAM
made Ti/Al bimetallic structure. The results show that a certain amount of Nb was dissolved in
the Ti6AI4V layer and evenly distributed. No other elements were obtained in the Nb interlayer
besides Nb, suggesting that the Nb interlayer servadid@fision barrier to prevent the diffusion
of Ti and Al and thereby inhibited the formation ofAlibrittle intermetallic compounds. In
addition, a small amount of Nb was found in the ACu section due to the high melting point of
Nb and low energinput during the Ad2:Cu deposition on Nb. The Cu element was enriched at
grain boundaries in the A:Cu sectionFig. 14bdemonstrates the SEM images at the interface
of the WAAM made Ti/Al bimetallic with and without Nb interlayer. The cresstion image
displays the formation of pores in Al alloy closed to the interface due to the assimilation of
hydrogen Fig. 14b-i). In Fig. 14bii, cellular grains were found in thes&hCu sectionFig.
14b-iii shows the white networlike phase of AICu e u t -alartd iAlgCu) (vas formed
along the grain boundaries. Furthermore, asNAlreaction layer was formed with a thickness of
2-3 yum at the Ad1Cu/Nb interface. No visible defects could be seen at the interfaey.In
14b-iv, the acicular structures were found in the Ti6Al4V section. The XRD pattern of the
bimetallic structure with Nb interlayer confirmed the formatiomthefAlsNb phase. Based on
Fig. 14b-vi and vii, a reaction layer composed of T#Aith a thickness of ~ 20 um was formed
at the interface of the bimetallic structure without Nb interlayer.

Onuike et al[44] fabricated a Ti6Al4V/SS410 bimetallic structurgmanNb bond layer
via powderbased DED technology. The processing parameters used for Ti6AI4V were 375 W

laser power, 0-8.4 m/min laser scan speed, and 200 um layer thickness. After the Ti6Al4V was
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fully deposited, 3 layers of Nb were deposited ondbihe Ti6Al4V with a laser power of 450

W, a scan speed of B4 m/min, and layer thickness of 150 um. Finally, the SS410 section was
deposited on top of the Nb layer with 375 W laser powerQ@tZcan speed, and 200 um layer
thicknessFig. 15ashowsthe microstructures in each section. Unmelted Nb particles could be
found within the bond layer due to insufficient energy input. A mixing zone composed of SS410
and Nb could be seen on top of the Nb layer. Dendritic microstructures were seen growing into
the SS410 region, which was most likely FeNb intermetallic phases. Micro pores were also
found at the interface between Nb and SS410. However, no significant cracks were found at the
interface. The EDS mappingsig. 15b) show diffusions, such as Ti andiywards into Nb and

Nb into SS410. The diffusion of Nb ,iahitho SS410
was most likely composed of FeNb intermetallic. The XRD results (Fig. 15c) identified Ti, Fe,
Nb, FeCr, Cr5AI8, NbC, and FeNb phases. NeHentermetallic phases were formed at the

interface, which indicatethe Nb bond layer was a diffusion barrid].
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7.0 Characterization of Bimetallic Structures

All characterizations performed on single material structures can potentially be
performed on bimetallic structures to ascertain strattotegrity alongside other desired
properties, such as mechanical and thermal propertteebability. The most common
methods are physical, mechanical, and thermal characterization, including durability, as
illustrated inFig. 16 While othercharacterizations are essential, more emphasis is laid on the
bimetallic joint's bond strength as it potentially affects the joint's structural integrity, including
the strength and reliability of the entire structure. Although all characterization teebracp
beyond this review article's scope, only essential characterization techniques for bimetallic
structures are discussed here. This aspect of characterization is discussed in detail in the section

below.
Bimetallic Structure Characterization
. Ve . -
Physical Mechanica | Thermal Durability Test
A SEM and EDS (for microstructure A Hardness test A Conductivity/Diffusivity A Machining
and alloy composition) A Shear strength test (using NanoFlash ) A Mechanical test after
A XRD (for crystalline and phase) A Tensile/Comp. tests A Thermal cycling thermal cycling
AEBSD, ééé \AWear test, J66 ATGA, ¢é. AFatigue test,
x Failure analysis on mechanically tested samples

Figure 16.Methods of characterizing bimdta structure.

7.1 Physical Characterization
The first examination conducted on any bimetallic joint, just as on single material
structures, after AM processing in themagted condition is surface morphology via visual
inspection for apparent craclelamination and overall build integrity. The microscope is used

for a detailed examination of interfacial microcracks, while scanning electron microscopy (SEM)
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reveals microstructures across the bond region. SEM examination on the bimetallic joints
interface is critical for many reasons. SEM produces-hégiolution images for crack
identification and general topographical information. Energy dispersive spectroscopy (EDS) in
the SEM reveals patterns of materials' diffusion and grain structures, whiledtrere
backscatter diffraction (EBSD) offers preferred orientation, indicating the direction of the heat
source around the bond regidiigs. (6 to 8 showed compound microscope and SEM images of
the different bimetallic joint interfaceBlicrocracks, including porosities, were revealed on
titanium alloy/stainless steel joif@5,102] functionally graded TA15 to Inconel718 material
[124], Inconetsteel multilayers structuj@05], and other numerous samples in literature,
especially the fst generation experiments involving immiscible dissimilar metals processing
[152 156]. The samples' defects indicate unsatisfactory product results, requiring further
optimization to eliminate such features and produce a €draekdense part.

The EDS anlgsis is essential to examine the extent of elemental diffusion vifikin
bimetallic joint's mixing zonand effectively examine the extemithin the bimetallic joint's
mixing zone. Several EDS dots maps performed on various bimetallic joint interéaeebden
reported, including the Inconel 718/GRC®4p interface to improve Ni and Cu diffusion across
the bond regiof43]. The EDS line scan shows the depth of such diffusion into the base metals.
A similar EDS dot map on Inconel 718/Ti64 bimetallic ifderal region shows the diffusion of
various elements, especially Ti and Ni, within the CBL without getting into the base[a!Bys
This phenomenon illustrates the action of CBL as a diffusion barrier layer while stabilizing
reaction products within theond region. Other EDS maps and {s@ns on various Ti or Ti
alloy to stainless steel bimetallic joins' interfasbow Fe and Ti's diffusion within the bond
region[44,157. With IBL, diffusion into base metals is hindered, and the formation of brittle
intermetallic phaseigl4,102116 124 is prevented. In principle, by measuring the depth of
elemental diffusion within the bond region, helpful information could be obtained to quantify the
bimetallic joint's interfacial bond strength via modeling. Byitin, simple diffusion will result
in low bond strength, essentially due to weak metallurgical bonding.

On the other hand,-Xay diffraction (XRD) identifies different phases formed within the
bond regionThis analysis is essential when specific phases for good bond strength are expected.
Secondly, XRD analysis helps identify the presence of any detrimental brittle intermetallic

phases responsible for debonding feat{t8s44] On the other handbimetalic joints involving
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magnetic and nemagnetic materials require magnetic functionality tests, such as magnetic flux
distribution around the joint region. Depending on thgliaation areamagnetic hysteresis loss

can dso be conducted. Heer et 58] conducted a magnetic flux distribution test on the
bimetallic joint of SS316/SS430 materials. The result shows a cluster of magnetized particulate
materials around the SS430 section of the bimetallic joint, while the SS316 section, which is
norrmagnetic, wa free of magnetized particulate materials. This indicates no loss of SS430

magnetic property after laser processing.

7.2 Mechanical Characterization

Primarily, mechanical characterization involves hardness tests and bond strength
measuremerjtl09159,160], including wear tests, among others. Hardness profile across the
bimetallic structure's bond region is usually performed to evaluate materials' properties variation
at the region. This is important to ascertain uniform hardness distribution acrossitiaeént
influencing the joint's strength reliability and structural performance. A bimetallic joint of
Inconel 718/GRCo84 bimetallic joint processed via direct bonding and compositional
gradation approaches exhibited different hardness profiles aceolseritl region. While the
directly bonded sample showed a sharp hardness gradient, the compositionally graded sample
showed gradual hardness transitiori#8]. A sharp hardness gradient at the interfacial region
suggests superficial bonding, including sti@calization, making the joint failusprone. In
another instance, bimetallic joints of Tif&illoy and stainlessteel materials with Nb interlayer
were processed through different methods like diffusion borjdi2@). LENS proces§4]
showed differehhardness values at the bond region. Here, the microhardness value at SS/Nb
interface for diffusion bonded structure was 8.3MPa, while the microhardness value at the same
region for LENS processed structure was 5.1MPa. A similar trend was observediaithe
interface. This illustrates the impact of the processing method on hardness distribution across the
bimetallic joint's interface. Also, the spike in microhardness value at the bond region could be
attributed to the concentration of brittle intermitgdhase$96,161,162].

Bimetallic joint's bond strength measurement can be performed via tensile, compressive,
and shear test methods for yield/ultimate strength, including elastic/shear modulus of the
structure Fig. 17shows tensile and shear strengdst methods/devices used on various

bimetallic joints. In tensile testing, i expected that the bimetallic joint's failure occurs at the
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bondregion [96],as shown irfFig 17a Failures often occur further away from the interfacial

joint, Fig 17b[163], especially on a soft material's section of the bimetallic joint. Although such

a phenomenon signifies good joint strength, the exact value of the interfacial bond strength is
still unknown. Similar failure behavior has been observed in the compressiondthod where

the softer material failed by crushif¥B]. Therefore, using the tensile/compression test method

to evaluate bimetallic joint's bond strength requires the base materials' tensile strengths to be
relatively close to each other, or the biaikc joints' bond strength (in tensile) is low compared

to the base materials. Another important compression test method evaluates the bimetallic joint's
interfacial deformation behaviors, such as crack propagation and ‘resistance to failure' at the join
[43,44]

While tensile/compression test methods may induce failure at undesirable sections of the
bimetallic joint, the shear test method specifically evaluates interfacial bond strength at a plane
of interest without base materials interaction. Thejdamt test method, described according to
the ASTM D100299 standard, has been utilized for various shear strength measurements.
However, such measurement is mostly for bond/shear strength of various adhesives/glues on
metal and is not suitable for highesar strength in solidified mettd-metal bonding50]. The
reason is that bending, necking, or tearing features occur on the base material's section close to
the bond regioffFigs. 17c and d]97,164].

A different shear test technique is consideregiciturately evaluate bimetallic interfacial
joint strengthto mitigate the lap joints testing method's issues. While the double shear test
method is simple and produces pure shear, such a test is commonly applied to a single material
structure and not sulbée for bimetallic joints due to simultaneous shearing of two sectitimes
interface and another undesirable section to an erroneous result. Meanwhilestsagle
processes using conventionally designed devices, like the configuration utilized ket 8lark
[165], introduce bending stress on the material structure and results in an impure shear at the
plane of interest. Likewise, a modified version of such a device developed by Pouranvari et al.
[166], shown inFig. 17e to mitigate bending stressesdptically’ introduces excess shear force
that could compromise accurate measurement of shear strength.

To ensurghe bimetallic joint's bond shear strength accuratehuike et al[50]
developed a novel single shear test deviseque features like rolleplates and adjustable

endplate, including extensometer, as showiign 171, were incorporated into the device to
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enhance its performance/reliability furth@fter fabrication, thelevice was calibrated and
standardized with singlmaterial metal rods. Subsequently, various bimetallic ghetr

strengths, such as Inconel 718/GR&@&4p Ti64/SS410, were measured, andrédsellts were
compared with base materials. Results obtained w@mparable with published data in the
literature for various materials tested. Such improvement in the design of a single shear test
device provides the opportunity to effectively measure bimetallic joint's bond strength of various

materials' combinatiowith good tolerance, accuracy, and repeatability.
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Figure 17.Bimetallic joint bondstrength test methods: (a) and (b) Tensile strength test method
[96,163], (c) and(d) Lagoint shear strength test meth[@¥,164], (e) Sleevdube shear device
[166], (fland (g) Rolleplate single shear test device and bimetallic jf&6}.
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Table 2 Mechanical Properties of Bimetallic Structures

Conventional Process

Process Material Composition Properties
EB Welding Ti-alloy/SS316 UTS 350 MPa | [119
e Ti64/304 Tensile Strength 242 MPa | [163]
D|ffus!on Tensile Strength 297 MPa
Bonding Ti/SS304 (Nb interlayer) Shear strength 517 MPa [122]
Brazing . . .
(Infrared) Ti/SS (Ag interlayer) Tensile Strength 410 MPa | [123]
AM - Process
Process Material Composition Properties
Intersf?rcglr?étsr]hear 220 MPa
Inconel718/GRCoiB4 Compressive YStrength| 232 MPa [50]
DED (LENS Interfacial Shear
processed) Ti6AL4V/SS410 419 MPa
(Nb bond layer) Strength [44]
y Compressive YStrength| 560 MPa
Hybrid (Powder
DED and therma Inconel/Steel UTS 516 MPa [66]
milling)
Bond Strength 673 MPa
DMD Cu/H13 tool steel FractureToughness | 162 MPa/m/® [47]
Powder Bed . UTS (as fabricated) 664 MPa
Fusion Maraging steel/H13 UTS (aged) 666 MPa [76]
WAAM Steel/Nickel Average Tensile 634 MPa | [5§]
Strength

7.3 Thermal Characterization

While bimetallic materials have a wide range of applications, such as in high

strength/temperature regions and microelectronics, sometimes it becomes necessary to perform

thermal analysis on the structural performance/reliability of the bimetallic sarAglas.

essential thermophysical material parameter, thermal conductivity or diffusivity describes a

component's heat transport properties. Several thermal analysis testing techniques have been

developed based on fundamental heat flow principles to ineéstigaterials' thermal responses

for application needs. The Netzsch NanoFlash® (LFA 447, Germany) thermal

conductivity/diffusivity measurement system is one such device. It uses laser flash analysis

(LFA) to measure materials' thermophysical propeftiég]. In an experiment conducted using
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the system to measure thermal properties of Inconel 718/GBCbpnetallic joint, results

showed that both the thermal diffusivity and conductivity of Inconel 718 were increased by over
200%][43] with deposition of GRGp-84. Such an increase in thermal conductivity can

potentially increase operating temperatures and improve efficiency. Measurement of-systems
level thermal properties is more complicated and is typically tailored for a specific device, which
is certainlybeyond the scope of this review.

Additionally, for a bimetallic part that undergoes high temperature to cryogenic
temperature variation, thermal cycling analysis is also essential to evaluate the effect of thermal
degradation on the interfacial joint afuaction of temperature variations. Such a test can be
conducted via a heatirigpld-cooling cycle for several hours/days in a controlled heating
chamber. Subsequently, interfacial microstructures and bond strength can be evaluated and
compared with the gsrinted sample. Further details of such testing methodology are beyond the
scope of this review. Materiatisermal stability for constant higlemperature applications can
easily be performed vidaérmogravimetric analysis (TGA) through continuous measant of
mass change (oxidative mass losses) over time with temperature change under different
application environments. Negligible mass loss indicates higher thermal stability of the structure.
Beyond thermal stability and thermal conductivity, phasemaicdostructural changes due to
exposure to high temperature can also be tested for the reliability of any bimetallic structures.

A durability test is crucial to measuaebimetallic joint's structural resilience and
mechanical reliabilityBesides maintaining dimensional accuracy, machining operations
performed on bimetallic samples are the primary aspects of evaluating the joint's resistance to
machining forces. Under service conditions, bimetallic samples undergo different stress cycles,
such as mechanical and/or thermal. Hence, a fatigue test is essential to predict endurance limit,
including the structure's performance/reliability measure even after thermal cycling. Failure
analysis on the mechanically tested samples provides everheipfel information on the
bimetallic joint's failure patterns/behavigé3,4496,119]. This can be evaluated by examining
the fractography of the fractured/failed samples under shear tests, including tensile and
compressive tests. The samples’ deformatiehaviors can provide helpful information on
internal defect thfluence on the bond strength and fractographic examination of the bimetallic

joint. Such results could answer many questions concerning the bimetallic joint's low bond
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strength, including process optimization options for better product developmerdarénd p

reliability.

8.0 Summary and future direction

It is exhilarating to see that various metal AM technologies have successfully
manufactured different bimetallic structures with unique properties. Compared to traditional
manufacturing methods, the refmut studies have proved the feasibility and advantages of using
metal AM technologies to fabricate bimetallic structures. Using various build strategies, a
bimetallic structure could be printed with a compositionally graded transition that is impossible
to fabricate with welding techniques. Such compositionally graded transition is significant for
joining two dissimilar metallic materials, which could avoid or minimize the mismatch of the
thermal properties of the two metals. In addition, AM technologiesrantly allow printing
structures with complex shapes. This advantage could reduce theosinaf the processing and
avoid unwanted damages during ppsicess machining. Current metal AM technologies
provide the control of multiple processing parangeserch as the energy input, feed rate of the
feedstock materials, and scan speed, which let the user fabricatiefised features and
manipulate the properties of the fabricated bimetallic structures-i#sBd AM machines are
equipped with multiple feers for different feedstock materials, making bimetallic structure
fabrication easier and enablimgsitumixing to create a smooth transition between the two
metallic materials.

Although using metal AM technologies to fabricate bimetallic structurgshaae many
advantages, some critical challenges still need to be overcome. The unwanted defects at the
interface between the two metallic materials could lead to critical failure in real applications.
Efforts need to be made to understand the correlagbmeen the processing parameters and the
various defect formation mechanisms. Furthermore, the formation of brittle intermetallic phases
at the interface can weaken the bonding strength of the bimetallic structure. Applying a
compositionally graded trangin between the two metals may reduce the brittle intermetallic
phase formation; however, further studies are still required to understand the mechanism of
intermetallic phase formation with AM processing parameters and compositional variations.
Another hallenge of AM processed bimetallic structures is the lack of standards. As previously
mentioned, the optimized parameters for processing each type of metallic material highly depend
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on AM processing methods and the utilized systems. Although energydewsity is generally
used to correlate the quality of metal AM processed parts and the processing parameters,
researchers are still debating if energy input density is a reliable term to represent AM processed
material§168]. The lack of standards impedés employment of novel bimetallic materials in
different industrial applications, even though the material's properties are well $iG89¢d
Additionally, since most AM processed materials require-postessing, such as heat treatment
and machiningmore studies are needed to understand the impacts ginoestssing on
bi metallic structuresd mechanical and ther mal
Many highend metals AM systems are equipped with advanced monitors and sensors to
obtainin situinformation for understating phase formations and microstructure evolution. By
involving machine learning and artificial intelligence technologies, numerical models with the
help ofin situdata could be established that may be used to predict the properties of the metal
AM processed materials. Developing such models and databases could significantly reduce the
time cost of experimenting and testing or even manipulating the AM processed materials' final

properties.
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