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a b s t r a c t 

Hybrid parts of nickel aluminum bronze (NAB) and 316L stainless steel were fabricated using a commercially 

available wire-arc additive manufacturing (WAAM) technology to evaluate the feasibility and cracking tendency. 

Focused Ion beam (FIB) based Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS), Elec- 

tron Backscatter Diffraction (EBSD), and Transmission Electron Microscopy (TEM) were used to characterize the 

built (NAB)-substrate (SS) interfacial characteristics. FIB extracted a selected region of the interface, and the spa- 

tial distribution of the interface across several sections was characterized by using the state-of-the-art technique 

for 3D EBSD mapping. A metallurgically bonded interface without any pores and cracks, with the inter-diffusion 

region in a thickness of 2 𝜇m, was formed, which was further confirmed by a video with the results of 3D re- 

constructed EBSD maps. The interface did not exhibit any strong texture orientation owing to the control of the 

thermal gradient as NAB is more conductive than 316L. EDS elemental mapping confirmed that Fe 3 Al intermetal- 

lic was formed at the NAB/SS bimetallic-joint interface. Occasional liquation cracks on the grain boundaries in 

the heat-affected zone (HAZ) of 316L substrate were observed. Fe-Al based intermetallic formation, along with 

the penetration of copper along the HAZ cracks, was noticed. The problems associated were highlighted, and re- 

medial measures were suggested to open up the possibilities of additive manufacturing to fabricate NAB-Stainless 

steel hybrid parts for industrial repair and maintenance applications. 
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. Introduction 

Wire-arc additive manufacturing (WAAM) is emerging as a main-

tream manufacturing process for the fabrication of huge metallic parts

ith a high volume of deposition. Compared to other direct metal ad-

itive manufacturing techniques, the main advantages of WAAM in-

lude very high deposition rates, material usage efficiency, and cost-

ffectiveness [1-3] . The present authors have recently reported the

rospects of WAAM processing for the fabrication of nickel aluminum

ronze (NAB) parts for marine applications [4] . 

The nickel aluminum bronze alloys (Cu-Al-Ni-Fe-Mn) are fairly mi-

rostructurally complex materials with a unique combination of proper-

ies such as low density (10% lighter than steel), high strength, high cor-

osion resistance, high resistance to biofouling, and excellent wear and

alling resistance [5-8] . Due to these advantages, NAB end uses ranged

rom landing gear bearings and bushings for commercial aircraft to sea-

ater valves and pumps, propellers for naval and commercial shipping,

nd non-sparking tools in the oil and gas industry [ 5 , 9 , 10 ]. Stainless
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teel (grades such as 304L and 316L) are widely used in the aerospace,

utomotive, nuclear, and offshore industries due to their high mechan-

cal strength, corrosion, and oxidation resistance [11] . The hybrid part

f NAB/316L stainless steel, composed of dissimilar alloys, presents the

ignificant advantage of combining the heat conductivity of copper with

he good mechanical property and corrosion resistance of stainless steel

or industrial applications. Welding is necessary to manufacture a part

hat requires the joining of NAB to stainless steel (SS). However, the join-

ng of NAB to SS using conventional welding techniques has been chal-

enging due to the significant differences between their thermal proper-

ies, as shown in Table 1 . 

One of the attractive capabilities of additive manufacturing is the

ossibility of producing multi-material or hybrid parts for enhanced

erformance with cost-effectiveness measures. Such hybrid parts may

e entirely produced additively using multiple metallic materials or

 metallic part pre-fabricated using conventional manufacturing tech-

iques may be used as the substrate for subsequent additive fabrica-

ion using a different metal. Manufacturing such hybrid parts using any
k in Fredericton, New Brunswick, Canada during the completion of this work. 
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Table 1 

Thermal properties of NAB [5] and 316 L [12] . 

Thermal properties NAB SS 

Melting point (°C) 1050–1075 1400 – 1450 

Specific heat (J/Kg/K) 420 330 

Thermal conductivity (W/m K) 42 12 

Coefficient of linear expansion (20–200 °C) 17.1 × 10 − 6 /°C 16 × 10 − 6 /°C 
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usion-based additive techniques needs specific considerations includ-

ng: first, the dissimilar metals in question should be metallurgically

ompatible to avoid undesirable brittle intermetallic formation at the

nterface. Secondly, the dissimilar metals must not be too far apart in

he galvanic series in order to avoid serious galvanic corrosion prob-

ems. Austenitic stainless steels such as AISI 316 and NAB (Cu-9Al-4Ni-

Fe-1Mn) are both popularly used in marine applications. They do not

resent any serious galvanic coupling problems as well [5] . Hence, NAB

nd 316L SS make a beneficial dissimilar metal combination for realiz-

ng marine hybrid parts. 

In the literature, few works reported on laser surface modification

echniques such as surface melting and cladding for the repair of cast

AB alloy components [13-18] . However, minimal work is published

n arc (weld) deposition of NAB [ 19 , 20 ], that too on a cast-NAB (simi-

ar composition) substrate. There is no reported work on the arc (weld)

eposition of NAB on a dissimilar substrate to the authors’ knowledge.

hus, the current study is taken up to establish the feasibility of pro-

ucing NAB/316 L SS hybrid parts using the WAAM process. Particular

mphasis is placed on understanding the microstructural characteristics

t the dissimilar metal interface. 

. Experimental work 

.1. Materials and methods 

Filler wires of NAB corresponding to AWS A5.7 ERCuNiAl were used

n the WAAM process to deposit NAB (in 160 mm height, in 60 layers)

n 10 mm thick 316L stainless steel plate in the presence of low heat

nput. The nominal composition (in wt.%) of the filler wire was: Cu:

9% minimum, Al: 8.5–9.5%, Ni: 4–5%, Fe: 3.5–4.5%, Mn: 0.8–1.5%.

efertec’s (based in Berlin, Germany) arc 605 WAAM equipment in gas-

etal arc welding (GMAW) mode was used to deposit NAB in 60 layers.

ig. 1 (a) shows the picture of deposited NAB in the form of square bars in

imensions of 160 mm height and 25 mm side. A voltage of 12.5 V with

14 Amp current, 6.5 m/min wire-feed rate, and 480 mm/min travel

peed (i.e., heat input of ~170 J/mm) were used for the deposition.

he settings were selected based on process parameters that produced

isible defect-free parts. 

.2. Microstructural characterization 

After fabricating the NAB/316L SS bimetallic component via WAAM,

he bimetallic joint sample was sectioned perpendicular to the interface

sing a diamond-wheel cutter. The cross-section plane was wet-ground

nd polished using standard metallography methods followed by etch-

ng with Klemm’s reagent. The interfacial microstructure was character-

zed using a Thermo Fisher Scientific/FEI’s Scios 2 Dual-beam focused

on beam (FIB) scanning electron microscopy (SEM) fitted with an Ox-

ord energy dispersive spectrometer (EDS). EDS analysis was used to

ap the elemental distribution within the interfacial region. A sample

aken from the interface for electron backscattered diffraction (EBSD)

nalysis was mirror-polished, followed by vibratory polishing. EBSD

haracterization was carried out on the Scios 2 SEM system at 20 kV

hrough an integrated Oxford/HKL EBSD detector using 0.1 𝜇m step

ize. Channel 5 software was used to post-process the EBSD data. A

EM sample was extracted from the NAB-316L SS interface by using

EI Scios 2 FIB system. Thermo Scientific Themis Z TEM system operat-
ng at 200 kV was used for interfacial characterization at their facility

n Hillsboro, Oregon, U.S.A. 

At the same facility, EBSD tomography, which is a three-dimensional

3D) orientation microscopy, also referred to as 3D EBSD, was per-

ormed. Sequential serial sectioning by serial polishing was done using

n FEI’s Scios 2 FIB-SEM. An accelerated ion beam (Ga + ions at 30 KeV)

as used for automated serial sectioning via localized sputtering; and

haracterization of the milled 2D sections was performed by EBSD in a

ombined FIB-SEM. Each slice thickness was 50 nm, and the observed

olume was 11 × 10 × 8.4 𝜇m 

3 . The step size of about 50 nm was used

or EBSD acquisition. After FIB serial sectioning acquisition, a 3D model

as reconstructed from the 2D images. The angle between the ion beam

nd the electron beam was ~52°. As the angle between the milled sur-

ace and the imaging axis was not 90°, the raw captured images were

orrected for geometrical artifacts and noise using Avizo software. Using

he same software, a 3D aggregate of the EBSD microstructure was re-

onstructed by stacking the recorded 2D maps from all sequential slices.

An iMicroTM Nanoindentor (produced by Nanomechanics Inc.)

quipped with a diamond Berkovich tip was used for the hardness mea-

urements. The maximum load applied to the indenter was 50 mN at a

onstant strain rate of 0.2 s − 1 . Line hardness measurements with 30 𝜇m

pacing were performed across the interface. An 8 × 8 array was used

o map the microhardness values across the interfacial area. 

. Results 

.1. Appearance of NAB/SS component 

A photograph of the WAAM-NAB deposit on 316L stainless steel sub-

trate is shown in Fig. 1 (b). A low-magnification SEM micrograph of the

AB/316L SS hybrid is shown in Fig. 1 (c). As can be seen, the NAB/SS

nterface is flat, continuous, and sound without any fusion defects, pores,

r cracks. However, the SS substrate showed some occasional cracks in

he heat-affected zone (HAZ). 

.2. Microstructural features 

As shown in Fig. 2 , the typical microstructure of the WAAM-NAB de-

osit in the bulk consisted of relatively fine, equiaxed 𝛼-dendrites with

lobular 𝜅II and lamellar 𝜅III phase in the interdendritic regions. No

nterdendritic rosette-like 𝜅I particles were noticed in the bulk of the

AB deposit. The globular 𝜅II particles precipitate in the interdendritic

egions during cooling soon after the completion of the solidification

rocess at relatively high temperatures. The lamellar 𝜅III particles form

pon further cooling at intermediate temperatures in a eutectoid de-

omposition reaction ( 𝛽 → 𝛼+ 𝜅). Both 𝜅II and 𝜅III are aluminide phases

nd contain both Fe and Ni. These microstructural features are typical

f NAB after WAAM processing, where more details regarding the mi-

rostructure evolution during WAAM processing of NAB can be found

rom [4] . It may be noted that, the 𝛼-dendrites contain homogeneously

recipitated, very fine (less than 10 nm in size) spherical-like 𝜅IV pre-

ipitates that can only be revealed in high-resolution TEM examination,

s reported earlier [4] . These 𝜅IV precipitates form within the 𝛼-matrix

t still lower temperatures during cooling from high temperatures. It

s noted that, the 𝜅IV precipitates are too fine to be seen in the SEM

icrograph presented in Fig. 2 . 

While the NAB deposit in the bulk (i.e., away from the SS interface)

howed no rosette-like 𝜅I precipitates, several rosette-like 𝜅I particles

ere observed in the interdendritic regions close to the NAB/SS inter-

ace (within the first layer of the NAB deposit, shown in Fig. 3 ). Each

ayer thickness was about 2 mm during the deposition. The presence of

I particles was limited to a thickness of 70 𝜇m away from the interface.

Further, a thin layer of different etch contrast, approximately 2 𝜇m

n thickness, was noticed all along with the NAB/SS interface, as shown

n Fig. 4 (a). This layer, presumably an intermetallic, can be seen more

learly in Fig. 4 (b). EDS elemental mapping studies confirmed that this
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Fig. 1. (a) Picture of NAB/316L SS hybrid part, (b) photograph of WAAM-NAB deposit on 316L SS substrate, and (c) low-magnification SEM image of NAB/316L 

sample showing a well-bonded interface. Note occasional heat affected zone cracks in 316L substrate (boxed region). 
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ayer is indeed an intermetallic consisting mainly of Fe and Al, as can

e seen from Fig. 5 . Cu, Al, Ni, Fe, and Mn were considered as alloy-

ng elements of NAB, whereas Fe, Ni, Cr, Mo, and Mn were considered

or 316L SS. Further, EDS line-scan results (shown in Fig. 6 (b) for the

EM image in Fig. 6 (a)) of the intermetallic layer revealed much higher

mount of Fe than Al suggesting that the intermetallic phase is likely to

e Fe 3 Al, as per the stoichiometric ratios. A line-scan analysis is used to

ompare the elemental distribution along the interface. 
EBSD scans at the NAB/SS interface also clearly revealed the pres-

nce of a thin intermetallic layer ( Fig. 7 (a)) and occasional HAZ cracks

 Fig. 7 (b)). No epitaxial growth features were evident at the NAB/SS

nterface. EBSD Euler maps ( Fig. 7 ) also showed equiaxed grains in the

ubstrate with grain size in the HAZ is about 15–20 𝜇m. The chemi-

al reaction between a solid SS substrate and the melt pools of NAB

ets controlled by diffusion. Under the diffusion-controlled process, the

hickness of the reaction layer ( X ) is given as X = K 

√
t, where K is a con-
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Fig. 2. SEM-BSE image of WAAM-NAB deposit in the bulk. . 

Fig. 3. SEM-BSE image from the first layer (2.5 mm thick) of 

the WAAM-NAB deposit revealing the formation of rosette-like 

𝜅I in few microns (75 𝜇m) on the SS substrate. 
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tant, and t is the time for the diffusion [21] . At high process speeds (or

eposition rates) such as in WAAM, molten time was quite short; and,

ence, there is no sufficient time for the growth of the interface. Thus,

he interface layer formed in the WAAM-NAB/316L SS hybrid part was

ery thin. 

Fig. 8 (a) shows the boxed region in Fig. 1 (b) at a higher magnifi-

ation, clearly revealing the HAZ cracks in the SS substrate. The HAZ

racks were observed to form entirely along the grain boundaries of

he SS substrate. Further, as can be seen from Fig. 8 (b), some inter-

etallic formation along the HAZ cracks was noticed, which was of the

ame type as the intermetallic layer seen at the NAB/SS interface. Also,

he HAZ cracks seemed to be filled or penetrated by liquid NAB. EDS

lemental mapping of the HAZ cracks further confirmed these obser-

ations, as shown in Fig. 9 . On the NAB side, at the interface, there

as no diffusion of Fe into the NAB. On the other hand, Cu and Al

enetrated into the cracks on austenitic grain boundaries on the SS

ide. 

As presented in Fig. 10 , TEM analysis of a selected region from the

AB-side of the interface (interfacial transition zone) was performed for

urther observation of the interface in view of its metallurgical bonding

nd inter-diffusion characteristics. FIB technique was used to extract a
amella from the interface, as shown in Fig. 10 (a) and (b). After cutting

he lamella, the EasyLift micro-manipulator was used to lift and rotate

t for further thinning ( Fig. 10 (c) and (d)). Fig. 10 (e) shows a high-angle

nnular dark-field (HAADF) image overview of the thin lamella in the

canning mode (STEM), and the difference in the contrast indicates the

hickness of the intermetallic layer as ~2 𝜇m. A high magnification im-

ge from the boxed region in Fig. 10 (e) is shown in Fig. 10 (f), which

eveals the formation of a very thin (~20 nm) layer on the NAB side of

he interface. The high-resolution TEM (HRTEM) image of the interfa-

ial transition region on the NAB side ( Fig. 10 (e)), is shown in Fig. 10 (g).

he figure exhibits a flat interface with an interfacial grain misfit angle

f about 15°. This small mismatch may indicate that the interfacial tran-

ition zone on the NAB side shows a low level of energy. EDS elemental

apping of this region ( Fig. 10 (e)) is shown in Fig. 11 (a-e). A metallur-

ical diffusion interface that is rich in Ni and Al is clearly revealed on

he NAB side (2 𝜇m thick intermetallic layer is Fe-Al rich). Ni and Al

iffused out from the core of the NAB to the substrate at the interfacial

ransition zone, i.e., interface near the NAB. The diffusion of Fe is lim-

ted to the intermetallic layer only. This may be due to the formation of

e 3 Al intermetallic that affects the further diffusion of Fe from the SS

ide. 
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Fig. 4. SEM micrographs of the NAB/316 L sample showing a 

thin intermetallic layer all along with the interface. 
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The color-coded EBSD inverse pole figure (IPF) map of the NAB/SS

nterface is shown in Fig. 12 (a), where < 111 > orientation (parallel to

he surface normal) is blue, < 101 > is green, < 001 > is red, and other

olors represent intermediate orientations. The texture is weak in both

aterials. At the NAB area, ultrafine equiaxed regions can be noticed,

hich are the interdendritic regions with fine 𝜅II and 𝜅III precipitates.

t the interface (Fe-Al intermetallic layer), fine equiaxed grains are ob-

ained. Fig. 12 (b) presents a sequence of some 2D EBSD maps that are

sed for 3D grain reconstruction and a 3D orientation map revealing

he interface is shown in Fig. 12 (c). The color code represents IPF of

he hybrid part Z-direction (build direction), where the colors are ac-

ording to the inverse pole figure color triangle (in combination with

he quality of volume pixel or voxel). Video 1 presents the results of 3D

econstructed EBSD maps, which shows the interface between NAB and

16L SS. The representing area is 11 𝜇m x 10 𝜇m x 8.4 𝜇m and from

68 slices. Visibly sound joint without cracks is explicitly visible in this

ideo. Supplementary material associated with this article can be found,

n the online version, at doi: 10.1016/j.mtla.2020.100834 . 

.3. Small-scale properties 

The micromechanical properties of NAB, interface layer (Fe-Al in-

ermetallic), and 316L SS were assessed via nano-indentation measure-
ents. Fig. 13 (a) presents the indentation grid on the optical micro-

raph that comprises of 64 points, where the spacing between each point

s ~30 𝜇m. Fig. 13 (b) presents the microhardness variations based on

he color intensities. The dark blue area represents the deposited NAB,

hich is softer than the SS substrate that is in yellow and red colors.

he change in the hardness from the NAB side was a gradual increase

n the interface, followed by high hardness in the SS substrate. In the

AB, the hardness varied between 260 HV and 280 HV, whereas the

ardness in the substrate varied between 320 HV and 360 HV. On the

AB side, slightly higher hardness (green color areas) correspond to

I (Fe 3 Al, rosette-shaped) phases. Nano-hardness distribution along the

nterface layer is even with the constant hardness value of about 300

V. The peak hardness was achieved around the HAZ area, the trend

hanged at the interface and then remained constant in the NAB side as

 function of distance away from the interface. The gradual decrease in

he hardness from the SS side towards the interface is due to the result

f dilution of alloying elements as Cu and Al melts during deposition. In

ddition, the proportion of Fe decreases at the top most region of the SS

ide towards the interface. The typical hardness values of various Fe-Al

hases are reported in literature as: FeAl: 470 HV, Fe 3 Al: 350 HV, FeAl 3 :

92 HV, Fe 2 Al 5 : 1013 HV, FeAl 2 : 1060 HV [22] . The measured hardness

f the NAB/SS interface was comparable to that of Fe 3 Al, which is softer

nd confirms the observations of EDS analysis. The formation of Fe x -Al y 
ntermetallic phases due to interdiffusion and reaction between Fe and

https://doi.org/10.1016/j.mtla.2020.100834
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Fig. 5. (a) SEM-BSE micrograph of NAB/316L interface, and (b-f) corresponding EDS elemental maps. Note the absence of Ni and the presence of Fe and Al in the 

intermetallic layer. 
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Fig. 6. (a) SEM image and (b) corresponding EDS line-scan profiles of elemental distribution across the interface of the NAB/316L hybrid-part. The values on the 

y-axis show the counts per second per electron-volt. 
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l readily occurs in fusion welding processes [ 23 , 24 ]. In the present

ork, the WAAM process melts the NAB wire fully, but not the SS sub-

trate; however, partial melting of SS occurs at the interface. Therefore,

he diffusion of Al from the melt pool into the SS substrate would be

ominant, and the phases that can be formed are Fe-rich rather than

l-rich phases. 

As shown in Fig. 13 (c), the displacement (indentation depth) of the

ntermetallic layer is lower than the SS substrate and NAB. This probably

ndicates that the resistance of the intermetallic layer for plastic defor-

ation is higher than that of SS as well as NAB. Fig. 13 (d) shows that the

odulus of NAB, intermetallic layer, and SS were 135 MPa, 160 MPa,
nd 190 MPa, respectively. The result of hardness measurements is con-

istent with the modulus results. The results of the load-displacement

urves and modulus indicated that the Fe 3 Al based intermetallic layer

s not brittle. 

Overall, the current findings point to three particular interface issues

hat can affect the properties of NAB/316L SS hybrid parts produced by

he WAAM process: (i) formation of coarse 𝜅I particles in the first layer

f the NAB deposit close to the NAB/SS interface, (ii) formation of a

ontinuous Fe-Al based intermetallic layer along the NAB/SS interface,

iii) formation of cracks in the HAZ of the SS substrate. The second and

hird issues are of more pressing concern. 
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Fig. 7. EBSD Euler maps of NAB/316L SS bimetallic joint on XZ plane, which shows (a) formation of a thin and continuous intermetallic layer at the interface and 

(b) cracking in the heat-affected zone. 
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. Discussion 

.1. Microstructure of WAAM-NAB at the interface 

Coarse, rosette-like 𝜅I particles are invariably seen in NAB sand cast-

ngs. They form during the terminal stages of solidification of the alloy

hence, their rosette-like morphology) as a consequence of extensive

icro-segregation of various alloying elements. The 𝜅I particles contain

oth Fe and Ni along with aluminum, as is the case with other 𝜅-phases.

mong the various 𝜅- precipitates, 𝜅I is known to be the least benefi-

ial for the properties of the alloy. In fact, because of their coarse size,

hey have a marked negative effect on the toughness and ductility of

he alloy. The rosette-like 𝜅I particles are typically completely absent

n WAAM processed NAB [4] , as observed in the present study in the

ulk of the NAB deposit. The reduced segregation of alloying elements

wing to relatively fast cooling rates in WAAM processing is responsible

or this. The appearance of rosette-like 𝜅I particles in the first layer of

he NAB deposit close to the NAB/SS interface is therefore related to

ilution effects. During weld deposition of the first layer, some melt-

ng of the SS substrate is inevitable (in fact, a little bit of substrate

elting is required for ensuring satisfactory bonding). The increased
e content in the melt pools as a consequence, despite faster cool-

ng, encourages the formation of 𝜅I particles during the final stages of

olidification. 

.2. Formation of an interface between NAB and 316L SS 

When a layer of NAB wire is melted over SS, the top surface of the

ubstrate also melts and mixes with copper. An important consequence

f SS substrate melting and intimate contact between liquid NAB and

olid SS substrate during the deposition of the first layer of NAB is the

ormation of Fe-Al intermetallic layer all along with the interface. The

ormation mechanism of the interface layer in the NAB/316L SS com-

onent can be described as follows. As shown in Fig. 5 , SS is melted

lightly due to the action of the arc during WAAM deposition and pro-

uced a thin interface layer. With regard to the binary phase diagrams

f Cu-Fe and Cu-Cr, Fe and Cr atoms in the SS substrate are given a

riority in the process of liquid NAB dissolve, compared with the trace

mpurity elements such as Mn. The limited solubility among Cu, Fe,

nd Cr is due to their close atomic size and belongs to the same pe-

iod (fourth) in the periodic table. The diffusion coefficient of Fe in

he Cu is one order of magnitude higher than Cu in Fe [25] . When
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Fig. 8. (a) SEM-BSE image at WAAM-NAB/316L interface showing HAZ cracks in 316L substrate. (b) shows the penetration of NAB into and intermetallic formation 

along the HAZ cracks. 
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e and Cr reach their solubility limits in liquid copper in the interfa-

ial layer, Al atoms of NAB and Fe atoms in SS can initiate reaction-

iffusion. 

As no interlayer is used, it naturally sets up a high chemical po-

ential gradient across the interface for various elements. Among the

onstituent elements in NAB, Al can readily react with Fe (which is in

bundance in the SS substrate) and form several different brittle inter-

etallic phases. As the chemical potential of Al is far higher in liquid Fe

han that in liquid Cu [25] , Al atoms diffuse strongly to liquid Fe (SS)

rom liquid Cu (NAB alloy) under the conditions of a chemical poten-

ial gradient. Al atoms from NAB diffused towards SS (area with high

e-concentration) during the deposition process, which led to rich Fe-Al
ompounds in the interface layer. At the temperatures of WAAM depo-

ition, which melts NAB wire completely, the process involves liquid

AB-Solid SS interaction. During this interaction, three stages may be

nvolved: (i) wetting of solid SS by molten Cu (NAB), (ii) Dissolution

f Fe (SS) into liquid Cu, and (iii) subsequent diffusion of Fe in liquid

u. In liquid (NAB)-solid (SS) interaction, the formation of intermetallic

hases/compounds is considerably faster due to the more kinetic energy

f atoms in the liquid state than in the solid-state [22] . In the WAAM

rocess, the arc melts NAB quickly, and the diffusion of Fe atoms in the

olten pool of Cu accelerates. At the same time, fast deposition or the

ovement of the heat source controls the contact time between liquid

u/NAB and solid Fe/SS and provides fast cooling rates. This might re-
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Fig. 9. EDS elemental maps corresponding to the SEM-BSE image shown in Fig. 8 (b). Note the presence of Cu and Al (penetrated NAB) in HAZ cracks. 

s  

l

 

a  

c  

s  

m  

T  

a  

g

 

i  

g  

i  

t  

i  

t  

w  

m  

u  

u  

t  

o  

w  

t  

i

 

s  

(  

c  

A  

(  

S  

t  
tricts diffusion to a limited depth, and hence, a thinner intermetallic

ayer can form. 

Satisfactory metallurgical bonding at the interface of NAB/SS was

lso evident from the microhardness mapping. There was no abrupt

hange in the values of hardness while moving from the NAB to the SS

ubstrate. The hardness values and their gradual increase are in agree-

ent with EDS mapping results and elemental diffusion observations.

he formation of the interfacial diffusion layer is due to the wetting

nd spread of liquid NAB on a 316L SS surface under capillary pressure

radient and the conduction of heat. 

As compared to the thickness of each layer (~2 mm) deposited dur-

ng WAAM, the width of the interface (in other words, intermixed re-

ion) is quite thin (2 𝜇m). Typically, the rate of deposition in WAAM

s high, and the associated travel speed plays a significant role in de-

ermining the thermal history at the interface and the thickness of the

nterfacial layer involving diffusion. The heat input primarily governs

he thickness of the intermetallic layer at the NAB/SS interface during
eld bead depositions. Excessive heat input can result in a thick inter-

etallic, which can easily lead to delamination at the NAB/SS interface

nder the influence of thermal stresses and can cause a total build fail-

re. In the present case, the interface intermetallic layer is not too thick

o result in build failure but is very likely to be thick enough to seri-

usly affect the mechanical properties of the NAB/SS hybrid. Further

ork involving tensile testing of transverse specimens extracted from

he NAB/316L SS hybrid can be beneficial in assessing the impact of the

ntermetallic layer. 

As shown in Figs. 10 and 11 , a layer (~20 nm) at the interfacial tran-

ition region on the NAB side is identified as NiAl based intermetallic

interdiffusion between Al and Ni) with some amount of Fe. In the NAB,

oncentrations of aluminum and iron were 9 and 4 wt.%, respectively.

fter the reaction of Al in liquid NAB with the available Fe from SS

melted region at the top) and forming Fe 3 Al intermetallic layer on the

S side of the interface, remaining Al reacted with Ni and formed NiAl

ype thinner intermetallic layer. On the NAB side, in the vicinity of the
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Fig. 10. (a) SEM-BSE image showing the location of a FIB extracted sample from NAB-316L SS interface, (b) Sideview of the thin lamella, (c) focused ion beam 

image of lamella lift out, (d) rotation of EasyLift micromanipulator, (e) STEM-HAADF imaging of interface sample on a grid, (f) STEM-HAADF image showing the 

interfacial morphology on NAB side, and (g) HRTEM image taken from the boxed region in (e). 
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Fig. 11. EDS elemental maps from the red boxed region of the STEM-HAADF image in Fig. 11 (e) for the interfacial transition zone on the NAB side. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 12. (a) IPF map of NAB/316L SS part, and the black box denotes the area used for 3D acquisition, (b) sequence of few EBSD maps (2D) which are used for 3D 

reconstruction, and (c) 3D view revealing the interface. The color legend represents IPF of the NAB/316L hybrid part in the build direction. (For interpretation of 

the references to color in this figure, the reader is referred to the web version of this article.) 
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nterfacial transition region, aluminum was dissolved from the liquid

AB. 

.3. Liquation cracking in HAZ region on 316L SS substrate 

Perhaps the most significant concern in producing NAB/316L SS hy-

rid parts using WAAM is cracking in the HAZ of the SS substrate. Al-

oy 316 is known to suffer liquation cracking in the HAZ during fu-
ion welding [ 26 , 27 ]. The observation that the HAZ cracks clearly

howed some penetration of NAB ( Figs. 8 and 9 ) suggests that these

racks must have formed during the first layer of deposition. Another

ossibility is pure thermal stress cracking of the SS substrate. The sig-

ificant difference in thermal expansion coefficient and thermal con-

uctivity of copper (NAB) and Fe (SS substrate), can inevitably cause

onsiderable misfit strains and residual stresses in the joint, leading to

olidification cracks [27] . This is unlikely to be the cause of cracking
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Fig. 13. Results of nanoindentation survey across NAB/316L interface: (a) optical image of the indentation grid, (b) microhardness mapping (load: 50 mN), (c) 

load-displacement curves, and (d) modulus of different areas. (For interpretation of the references to color in this figure, the reader is referred to the web version of 

this article.) 
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s stresses of high enough magnitude tends not to develop in the sub-

trate during the first layer deposition. Also, such cracking does not

ccur entirely along the grain boundaries. Another still more remote

ossibility is intergranular penetration of the liquid NAB into SS sub-

trate during the first layer deposition. Had it been the case, it should

ave occurred everywhere along with the NAB/SS interface – not just

ccasionally, as observed in the current study. Liquation cracks are in-

ergranular, propagated in the HAZ direction, and maybe originated

ue to the physical property mismatch between the copper alloy and

tainless steel. The presence of copper in the HAZ cracks clearly shows

hat the liquid copper penetrated through the HAZ grain boundaries

nd caused cracking during the cooling. Such behavior was also ob-

erved when 316L was welded with aluminum brass using Cu-based

llers [26] . 

The propensity for the formation of microcracks also depends on

he available amount of copper in the melt. If there is a lesser amount,

opper forms a dilute solution with iron and not significantly affect the

tress-state, and thereby the probability of crack formation decreases

28] . In the present case of the WAAM process, NAB is directly deposited

n a liquid state on top of the 316L SS substrate. Therefore, a higher

mount of copper might lead to the formation of microcracks in the

S. Also, the capillary pressure exerted during the infiltration of copper

nto the austenitic grain boundaries might cause cracks to form [ 29 , 30 ],
hich attributes to the mismatch in thermal properties and low mutual

olubility. 

.4. Suggestions to obtain sound NAB/316L SS hybrid parts 

Based on the current findings, it appears that producing entirely sat-

sfactory NAB/316L SS hybrid parts through WAAM is a challenging

ask. It may be possible to minimize all the three problems (formation

f 𝜅I , Fe-Al based intermetallic layer, and HAZ cracks) discussed above

y further reducing the heat input during WAAM processing. However,

he authors are somewhat suspicious of whether the available process

indow would be wide enough for accomplishing the same during in-

ustrial practice. This is particularly true concerning the problem of in-

erface intermetallic. In any case, the following solution strategies may

e considered in future work. A low-heat-input process such as laser

owder deposition (cladding) may be advantageously utilized for de-

ositing NAB on SS substrate, just to a thickness of about 1 mm or so;

herefore, subsequent WAAM deposition of NAB can be expected to pro-

eed more like depositing NAB on NAB. Another possible solution would

e weld depositing a sufficiently thick layer of Cu-30% Nickel alloy on

he SS substrate – during subsequent WAAM deposition of NAB, no inter-

etallic problem arises since the SS substrate is not in any direct contact.
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ince alloy Cu-30Ni has no elements that can readily react and form in-

ermetallics with the SS substrate, the interface intermetallic problem

an be completely avoided. However, because alloy Cu-30Ni is not as

trong as NAB [31] , this strategy may involve some compromise on the

echanical strength of NAB/316L SS hybrid parts. Alternatively, a suit-

ble nickel-based alloy (such as Inconel 625) may be used as the buffer

ayer, which can help achieve fully satisfactory mechanical strength in

AB/316L SS hybrid parts. Inconel 625 is metallurgically compatible

ith both Fe and Cu, as it can form a single-phase solution with both

etals. However, due to the high aluminum content in the NAB, there

ay be a possibility of undesirable nickel-aluminide intermetallic for-

ation at the interface. However, the problem is unlikely to be as severe

s in the present case where Fe-Al based intermetallic layer tends to fail

ven at relatively low thermal stresses. 

Regarding the HAZ liquation cracking in the substrate, stainless steel

16 is known to suffer liquation cracking in weld heat-affected zones

32] . The problem is often due to the segregation of impurities such

s sulfur and phosphorous. Further, in stabilized grades, such as 316Ti,

racking can occur due to the constitutional liquation of grain bound-

ry carbide particles [33] . In order to overcome HAZ liquation cracking

roblems during NAB/316L SS hybrid part fabrication, the following

recautions may help. First, it is crucial to ensure a fine grain size in

he stainless steel substrate (fine grain base materials are known to ex-

ibit superior resistance to HAZ liquation cracking [34] ). The presence

f more grain boundaries may reduce the cooling rates as grain bound-

ries can act as obstacles for heat transfer and increase the time for heat

ow. Secondly, close control over the impurity elements must be exer-

ised in the substrate material. Finally, it is necessary to keep the heat

nput as low as possible, especially during the deposition of the first

ayer of NAB. Laser deposition of the first layer – whether using NAB or

 suitable buffer material – is particularly helpful in this regard. 

. Conclusions 

The work presented in this study showed a successful bi-metallic

ond between nickel aluminum bronze and 316L stainless steel using

 wire-arc additive manufacturing technique. The interface has been

haracterized using SEM-EDS, EBSD, and TEM, which revealed a good

etallurgical bonding without any cracks. The following conclusions

re drawn from this study: 

1) An intermixed interface (2 𝜇m) was formed between NAB and 316L

SS without any fusion defects and cracks. Fe-Al based intermetallic

compound was formed in the region due to the elemental diffusion,

as confirmed from EDS analysis. However, there is a tendency for li-

quation cracking in the HAZ on the stainless steel side, where copper

is penetrated into the grain boundaries. 

2) Coarse, rosette-like 𝜅I particles were formed on the NAB side in the

first deposited layer only. The microstructure of bulk NAB did not

contain any 𝜅I . 

3) A thin sample from the interface section was extracted by FIB and

analyzed with TEM. The TEM analysis of the interfacial transition

zone on the NAB side revealed a zig-zag Ni-Al based layer with 20 nm

thickness. 

4) 3D EBSD mapping showed that the NAB/SS interface is smooth with

continuous grains and diffusion between the NAB and SS. 

5) Hardness values of the interface layer were between that of NAB and

SS. 

6) WAAM process overcomes the challenges of separation of the mixed

powders that are not irradiated by the energy source during the

powder-bed fusion processes. To avoid liquation cracking issues on

the SS side, the following strategies may be employed. 

(i) Depositing a 1 mm thick layer of NAB by laser power deposi-

tion (cladding) on 316L SS and then depositing NAB via WAAM,

which can be proceeded like depositing NAB on NAB; 
(ii) Using Inconel 625 (nickel-based superalloy) as a buffer layer due

to its metallurgical compatibility with both Fe (316L SS) and Cu

(NAB); 

(iii) Promoting finer grain sizes in the 316L SS substrate material. 

7) Despite the potential of WAAM for NAB-SS multi-material processing

shown in this study, the limitation is the heat-treatment of the hy-

brid part as NAB and SS may require different heat treatment proce-

dures. Thus, post-processing becomes complicated. There is a need to

develop specific heat treatment, which is customized for additively

produced NAB/316L SS hybrid parts in the future. 

8) Finally, understanding of metallurgical properties and issues of NAB

and 316L SS alloys can pave the way to fabricate hybrid components

of NAB and 316L using wire-arc additive processes. 
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