International Journal of Extreme Manufacturing

PAPER « OPEN ACCESS

Printability disparities in heterogeneous material combinations via laser
directed energy deposition: a comparative study

To cite this article: Jinsheng Ning et al 2024 Int. J. Extrem. Manuf. 6 025001

View the article online for updates and enhancements.

This content was downloaded from IP address 220.166.33.21 on 05/01/2024 at 00:50


https://doi.org/10.1088/2631-7990/ad172f

OPEN ACCESS

1OP Publishing | IMmMT International Journal of Extreme Manufacturing

Int. J. Extrem. Manuf. 6 (2024) 025001 (17pp) https://doi.org/10.1088/2631-7990/ad172f

Printability disparities in heterogeneous
material combinations via laser directed
energy deposition: a comparative study

Jinsheng Ning'-°®, Lida Zhu'**®, Shuhao Wang?, Zhichao Yang'®, Peihua Xu',
Pengsheng Xue®, Hao Lu', Miao Yu', Yunhang Zhao', Jiachen Li*, Susmita Bose’
and Amit Bandyopadhyay”-*

! School of Mechanical Engineering and Automation, Northeastern University, Shenyang 110819,
People’s Republic of China

2 School of Machinery and Automation, Wuhan University of Science and Technology, Wuhan 430081,
People’s Republic of China

3 School of Mechanical Engineering, Xi’an University of Science and Technology, Xi’an 710054,
People’s Republic of China

4 Beijing Institute of Space Launch Technology, Beijing 100076, People’s Republic of China

> W. M. Keck Biomedical Materials Research Lab, School of Mechanical and Materials Engineering,
Washington State University, Pullman, WA 99164, United States of America

E-mail: neulidazhu@ 163.com and amitband @ wsu.edu

Received 30 May 2023, revised 10 September 2023
Accepted for publication 19 December 2023
Published 4 January 2024
CrossMark
Abstract

Additive manufacturing provides achievability for the fabrication of bimetallic and
multi-material structures; however, the material compatibility and bondability directly affect the
parts’ formability and final quality. It is essential to understand the underlying printability of
different material combinations based on an adapted process. Here, the printability disparities of
two common and attractive material combinations (nickel- and iron-based alloys) are evaluated
at the macro and micro levels via laser directed energy deposition (DED). The deposition
processes were captured using in situ high-speed imaging, and the dissimilarities in melt pool
features and track morphology were quantitatively investigated within specific process
windows. Moreover, the microstructure diversity of the tracks and blocks processed with varied
material pairs was comparatively elaborated and, complemented with the informative
multi-physics modeling, the presented non-uniformity in mechanical properties (microhardness)
among the heterogeneous material pairs was rationalized. The differences in melt flow induced
by the unlike thermophysical properties of the material pairs and the resulting element
intermixing and localized re-alloying during solidification dominate the presented dissimilarity
in printability among the material combinations. This work provides an in-depth understanding
of the phenomenological differences in the deposition of dissimilar materials and aims to guide
more reliable DED forming of bimetallic parts.
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Abbreviation

AM Additive manufacturing

CFD Computational fluid dynamics
DED Directed energy deposition
EDS Energy dispersive spectrometer
EBSD Electron backscatter diffraction
HAZ Heat-affected zone

IPFs Inverse pole figures

MUD Multiples of uniform distribution
EZ Elevation zone

PZ Penetration zone

BZ Bonding zone

Z0OIs Zones of interest

D-S boundary Deposited layer-substrate boundary
M-S junction Melt pool-substrate junction
SEM Scanning electron microscope

SS Stainless steel

Nieq Equivalent Ni element

Pem Critical weldability

ED Energy density

P Laser power (W)

S Scanning speed (mm-min~")

F Powder feed rate (g-min~")

d Depth of melt pool (mm)

do Laser beam waist diameter —3 mm

w Width of melt pool (mm)

dw™! Aspect ratio of the melt pool

Nickel/iron Ni-based material printed onto Fe-based
material

Iron/nickel Fe-based material printed onto Ni-based
material

1. Introduction

Metals are indispensable in the real world, and various metal-
lic components have long served in many critical indus-
tries, such as automotive, aerospace, and healthcare [1-4].
Nature-inspired [5] or application-oriented [6] multi-material
integrated parts are becoming increasingly popular [7, 8].
Both simple bimetallic systems and relatively complex multi-
material hierarchical structures have potential using prospects
due to their unique physical or mechanical properties that
can fulfill the individualized functions at specific sites [9-12].
Unlike most single metallic materials that are easily machin-
able, conventional processing (e.g. fusion welding, diffusion
bonding) may be challenging to build these parts integrated
with multiple materials with uniform or gradient interfaces.
DED, a popular metal AM approach, provides a viable solu-
tion for integrating multiple materials [13, 14]. This attract-
ive technique is relatively efficient with a high degree of

design freedom, which can meet the demand for diversi-
fied and customized manufacturing of metallic parts [15,
16]. Considerable theoretical developments and experimental
research have demonstrated the feasibility of DED for multi-
material forming. The most basic means for producing com-
positionally graded alloys are directly depositing one mater-
ial onto another, namely the bimetallic structures [17, 18].
Onuike et al [19] processed Inconel 718 and GRCop-84
copper alloy bimetallic structures using laser engineered net
shaping and adopted the same manufacturing approach for
crack-free bimetallic structures of Inconel 718 and Ti6Al4V.
Sahasrabudhe et al [20] successfully deposited Ti64 onto the
SS410 substrate and the compositionally graded bimetallic
structures. Li et al [21] fabricated bimetallic parts that con-
sist of nickel-aluminum-bronze and 15-5 PH via DED. Zhang
etal [22] used the DED process to obtain a well-bonded copper
and SS 316L hybrid part by introducing a nickel-based alloy
between the target materials. Even for refractory metals, the
manufacturability of their dissimilar mixture (e.g. Ti and Zr,
Nb) via DED has been computationally proven with a high-
fidelity model conducted by Shinjo and Panwisawas [23].

Multi-material parts with the metallurgical transition of
the linear gradient can be achieved using DED [11, 24]. For
instance, Lin er al [25] used laser rapid forming to suc-
cessfully produce a graded material multilayer part with a
linear compositional gradient from 100% SS316L to 100%
Rene88DT superalloy. Melzer et al [26, 27] printed func-
tionally graded materials containing Inconel 718 and SS316L
using a DED system and performed detailed metallographic
and fractographic investigations. Zhang et al [28] fabricated
Ti-Al,O3 compositionally graded components using a laser-
based deposition method for the first time. This work demon-
strated the single-step multi-material metal-ceramic compos-
ite manufacturing feasibility of maintaining the part dimen-
sions and compositional variations. Ben-Artzy et al [29] used
DED to print a part coupled with SS316L and C300 maraging
steel, incorporating a spatially varying composition between
the two primary materials (13 discrete composition layers) to
achieve a smooth transition in properties and microstructure.
Regarding the practicability of DED in building more com-
plicated material distributions, Tan ef al [30] have attempted to
successfully build a configurable voxelized architecture based
on two classes of stainless-steel materials-martensitic grade
300 maraging steel and SS316L, and they demonstrated that
the two materials intertwined together using DED exhibited
better mechanical properties.

Based on the compatibility of multiple materials forming
by complex printing, the further points are to achieve and
optimize the use functionality and mechanical performance.
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Most existing publications have focused on the macroscopic
mechanical properties of the printed multi-material parts, such
as the interfacial characteristics [31, 32], tensile or compress-
ive behavior [33], and fracture toughness [27]; meanwhile, at
the microscopic level, issues such as metallographic organiz-
ation and element precession have also been covered [34-36].
Attempts are being made to clarify the scientific aspects
of DED forming—‘material-process (parameter)-property.’
Regarding bimetallic or multi-material DED fabrication, the
key issues can be traced to the complex deposition processes
[37], which include the forming process uncertainties (i.e. pro-
cess and property differences due to the heterogeneous and
non-compatible materials) and the instabilities at the melt pool
due to different material combinations. Unfortunately, sci-
entific results of the fundamental forming behaviors of DED
forming with multiple materials are still scarce.

Ni-based alloys and steels have been frequently selected
for investigations in bimetallic research. Typically, the Inconel
(a class of Ni-based alloys) is extensively used in aero and
space industries because of excellent high-temperature mech-
anical properties, along with favorable oxidation and corro-
sion resistance [38, 39]; SSs are more economical by com-
parison and used extensively in numerous applications due
to their excellent corrosion resistance along with favorable
mechanical properties [40]. Although IN718 (or IN625) and
SS316L share an identical crystal structure of face-centered
cubic (FCC) and the difference in the coefficient of thermal
expansion between them is relatively minor, the interface
between these dissimilar materials is the weakest place of
such bimetallic structures due to intermetallic phase formation
[26]. Given their widespread popularity and attention, the two
types of nickel-based alloys (i.e. IN718, IN625) and iron-
based SS316L are used in this study.

To further understand and explore the role of heterogeneous
material combination in formability and printability, this work
specifically examines the process of the single-track form-
ing by the laser-based DED, where the nickel- and iron-based
alloy powders and baseplates were used as the materials of
concern. Different material combinations and parameter sets
were set as controllable variables, with corresponding con-
trol groups created using the same material pairs. The mac-
roscopic dynamic features of single-track forming under dif-
ferent material combinations, involving the melt pool’s fluc-
tuation, morphology, and dimension, were revealed using an
in situ integrated high-speed camera. In addition, the multi-
track and multilayer structures were fabricated by alternating
the materials’ deposition sequence, and microstructural char-
acterization and microhardness measurements were used to
quantitatively compare and analyze the differences in print
quality of heterogeneous material combinations at the micro
level. On this basis, combined with simulation, the printability
differences induced by the dissimilarity in the material com-
bination were better evaluated and elucidated. Finally, we also
provide the limitations of the present investigation and pos-
sible directions for future work. The study aims to potentially
guide more reliable DED forming of bimetallic parts based on
the elaboration of the underlying printability differences in the
deposition of different material combinations.

2. Experiments and methods

2.1 DED process and high-speed imaging

The deposition experiments were performed using a five-axis
machine center (SVW80C-3D, Dalian Sunlight Technology
Co., Ltd), which combines additive and subtractive hybrid
manufacturing modules and consists of a fiber laser system
(YLS-2000, 0-2 kW), a four-nozzle coaxial powder feeder
(nitrogen as the protecting gas), a motion control and cooling
system. The laser source with a beam waist diameter of 3 mm
followed a Gaussian intensity distribution and scanned along
the x-direction. During printing, a high-speed camera (5KF20,
Fuhuang AgileDevice) was integrated into the DED system to
in situ capture the track forming. The camera imaging with
5000 fps was placed in the YZ plane at an angle of approxim-
ately 60° to the XY plane (see figures 1 and S1). The camera
was calibrated in advance and outputted images with pixels of
832 x 524, which were subsequently processed by in-house
software.

2.2. Materials and parameters

Based on the study purpose (to investigate the deposition qual-
ity of different material combinations), nickel-based alloys,
SS, and their combinations (pairs) were used as the rep-
resentative experiment materials. As figure 1 shows, the
roughly spherical IN718 powder (Nanjing Zhongke Yuchen
Laser Technology Co., Ltd) with diameters between 20
and 180 pm was the raw material and was deposited onto
three types of baseplates—IN718, IN625, SS316L—with
100 mm x 100 mm x 10 mm dimensions. Besides, control
groups were set—using SS316L powder (Nanjing Zhongke
Yuchen Laser Technology Co., Ltd) as the other raw material
and printing it onto the three baseplates mentioned above. In
addition, the bimetallic multi-track multilayer structures were
fabricated using the combination of IN718 and SS316L, where
each type of material was constructed with ten layers and eight
tracks for each layer with an overlap rate of 50%. A round-trip
scanning strategy was used for the inner layers (figure 1(a)).
The powder’s elemental composition is given in figure 1(d).
The powder materials IN718 and SS316L are P1 and P2, and
the baseplates IN718, IN625, and SS316L are B1, B2, and B3,
respectively. For conciseness, the letter combinations are used
in the following text to indicate the different material match-
ing and their deposition relationships (e.g. P1B3 means the
Powder—P1 (IN718) was deposited onto the Baseplate—B3
(SS316L)). The powder had been dried, and the surface of the
baseplates had been cleaned prior to deposition.

To quantify the influences of the heterogeneity of material
pair on the printing processibility and forming qualities, the
same or different powder and baseplate matches were adop-
ted to DED forming over a range of parameter sets. With the
same energy density (ED), the powder feed rate (F)) was set
to five groups, i.e. 7.2 g'min~—', 10.8 g-min~', 14.4 g-min~!,
18 g-min~!, and 21.6 g-min~'. For a fixed powder feed-
ing rate, different EDs were determined by varying the laser

power and scanning speed (i.e. 23.8 - mm~2, 27.8 J-mm~2,
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Figure 1. Experimental setup and materials. (a) Schematic of the DED process, where three types of base materials were adopted—B1
(IN718), B2 (IN625), and B3 (SS316L), and two types of powder materials were adopted—P1 (IN718) and P2 (SS316L). (b) In situ
high-speed imaging of powder flow and the SEM images of IN718 and SS316L powder particle. (c) Powder size statistics, and (d) element

composition of powder IN718 (P1) and SS316L (P2).

33.3 Jmm~2, 40 J-mm~2, and 46.7 J-mm~?). In this study,
the areal ED metric was used and evaluated as P/(S x d),
where P is the laser power (W), S is the scanning speed
(mm-min~"), and dy is the diameter of the laser beam (3 mm).
For the bimetallic structures, P-900 W, S-360 mm-min—!, F-
22 g-min_1 were used to build the IN718 layers, and P-800 W,
$-300 mm-min~', F-22 g-min~! were used for the SS316L
layers. And the z-axis lift amount was uniformly selected as
0.4 mm.

2.3. Metallographic characterization and mechanical testing

The as-printed tracks were sectioned along the central section
perpendicular to the scanning direction via the electrical
discharge machining. All the samples were mounted first,
ground with sandpapers (from #400 to #3000 sequentially),

and polished with 1 gm diamond polishing compounds. The
samples were then etched by a reagent (25 ml HCl + 25 ml
C,HsOH + 2 g CuCl,) to reveal the grain boundaries. A con-
focal laser scanning microscope was utilized to observe the
track morphology. The metallographic characterization of the
samples was performed using a SEM (Thermo Scientific), and
the energy dispersive spectroscopy (EDS) spectra and maps
were collected by an EDS detector (Ultim Max 40, Oxford
Instrument) for the elemental analysis. Electron backscatter
diffraction (EBSD) was performed on an SEM-focused ion
beam setup (Symmetry S2, Oxford Instrument) with a 2.5 ym
step size. An acceleration voltage of 15 kV was employed
for EDS and EBSD. The Vickers hardness of the selected
cross-sectional samples was measured using a digital hard-
ness tester (HVS-1000 M) with a load of 200 g and a time of
10 s.
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2.4. Modeling and simulation

In order to deeply understand and analyze the phenomenolo-
gical results, a multi-physics CFD model was developed to
simulate the deposition processes of single tracks with hetero-
geneous material pairs. The model was customized into the
commercial software Flow-3D 2022R2 with a mesh size of
0.1 mm, and the mesh sensitivity was considered by conduct-
ing mesh convergence tests. The parameter sets used for the
simulation were identical to the experimental conditions. The
details regarding modeling methods and material properties
are provided in the supplementary information.

3. Results and discussion

In this section, the experimental results are analyzed in detail
from the perspectives of the printing process (i.e. the dynamic
behavior of the melt pool during deposition) and the forming
quality. Meanwhile, the multi-physics simulations are conduc-
ted to assist the theoretical interpretation of the experimental
results to systematically know the differences in the printing
performance of different material matches.

3.1. Melt pool behavior and track morphology

Operando imaging is a valuable real-time recording instrument
in experimental investigation, particularly for AM involving
multi-matter interactions in a short time [41, 42]. Here, the
in situ high-speed imaging was implemented to visualize the
transient complex physics during printing, including melt pool
propagation and spatter features, which are closely related to
the track solidification and formation.

The recorded images shown in figures 2(a)—(c) correspond
to the situations that powder IN718 printed onto the base-
plates IN718, IN625, and SS316L, respectively. Moreover,
these exhibited frames with an interval of 0.5 ms and a dura-
tion of 1.5 ms are extracted from the stabilized deposition pro-
cess. Some critical information (e.g. spatter trajectory, incid-
ent powder movement.) is marked. Combined with the video
S1, it can be found that under the same parameter set, the melt
pools of P1B1 and P1B2 fluctuate more dramatically than that
of P1B3. At the same time, under the same ED and powder
feeding rate, more spatters can be observed in the transient
images of P1B1 and P1B2, and most of the spatters eject
from the melt pool along the opposite direction of the laser
scanning.

In P1B1, an incident powder particle p; with the gas flows
from the nozzle outlet to the laser illumination range at a
relatively high speed and contacts with the melt pool at the
(to + 1) ms, afterward causing a large ‘ripple’ on the melt
pool surface due to the rapid melting and strong impact (the
last frame in figure 2(a), and video S2). From the images of
P1B2, the unevenness on the melt pool’s upper surface looks
like the boiling water’s surface, caused by the impinging from
the incident powder and the recoils of the metallic vapor inside
the melt pool due to the localized intense energy. Ignoring
the mass difference among individual powder particles, we

assume that the powders were to the deposition area with the
same incident velocity under a specific feeding rate and their
gravity. When the incident powders land on and hit the surface
of the melt pool at a certain initial velocity, they impact the
surface tension of the melt pool. Simultaneously, some mol-
ten droplets are ejected from the molten pool in the form of
jet spatters due to localized boiling [43]. From figures 2(a)
and (b), intense flow and a higher occurrence of splattering
are notably evident in the homogeneous material combina-
tions P1B1 and P1B2. By comparison, the melt pool of P1B3
behaves relatively smoothly and peacefully and is accompan-
ied by sparse spatters (figure 2(c)). By comparison, the melt
pool of P1B3 behaves relatively smoothly and peacefully and
is accompanied by sparse spatters (figure 2(c)). According to
the simulation results, P1B1 and P1B2 have more +z-directed
streamlines at the front of the melt pool, while on the contrary,
the P1B3 behaves differently, with more streamlines driven
by the Marangoni effect moving from the laser center to the
back of the melt pool on both sides. These results are consist-
ent with and confirm the findings from the imaging observa-
tions, indicating that, compared to the heterogeneous material
combination P1B3, the homogeneous material combinations
(P1B1 and P1B2) exhibit stronger convection within the melt
pool and more pronounced surface fluctuations with signific-
ant boiling effect. The viscosity of the liquid materials plays
an essential role in the resulting melt flow stability. A highly
viscous material may bring about a reduction in fluid velocit-
ies and further impede the convection in the melt pool, while a
lower viscosity can promote the flowability [44]. Considering
that the SS316L has a higher viscosity than IN718 and IN625,
its combination shows a more stable flow motion and looks
‘calmer’ than the other two groups.

Furthermore, intense melt flow corresponds to a larger melt
pool size. By extracting the edge features of the melt pool
(figure 2(d)), it is easy to observe that the melt pool pro-
files are relatively large when depositing IN718 powder onto
similar base materials (the blue and green irregular curved
circles, PIB1 and P1B2), while the melt pool trailing along
the x-direction is longer and relatively narrow for the case
that used baseplate of SS316L (the red irregular curved circle,
P1B3). Correspondingly, the postmortem inspection shown in
figure 2(f) indicates that IN718 deposited on the baseplates of
IN718 and IN625 presents a larger track cross-section than that
deposited on SS316L. In addition, the surface morphology of
deposited tracks printed with different material pairs exhibits
variety. The track surfaces of IN718 deposited on disparate
baseplates were covered with non-uniform severity of powder
adhesion. On the track surfaces of P1B1 and P1B2 (the first
two sub-figures in figure 2(e)), massive agglomerations of par-
tially melted powders remain, which may result from the relat-
ively severe spatter ejection and their oxidation and resolidific-
ation falling on the solidified tracks during the deposition [45,
46]. By contrast, the surface of P1B3 also stocks visible un-
melted particles; however, they are adhering more individually
and loosely.

The above images recorded at a specific parameter condi-
tion suggest the morphology differences of the melt pool for
different material matches. The melt pool size and shape result
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Figure 2. Deposition process and the track morphology. (a)—(c) Display the in situ captured tableaux of melt propagation and some physical
features during depositing for P1B1, P1B2, and P1B3, respectively. (d) The profiles of the melt pool at a frame of (zp + 1) ms, and the flow
streamlines in the molten pool of each case. (e) The outer surface of the formed tracks, in which the colored arrows mark the scanning
direction. (f) Cross-section of the tracks. The parameter set used for in sifu imaging was P-1000 W, S-600 mm-min~', F-18 g~min’1. All the

scale bars are 2 mm.

from the process parameters [39, 47, 48]. We further invest-
igated the melt pool’s dimension of each material pair with
different parameter sets. Figures 3(a) and (b) shows the effect
of altering the powder feed rate and ED on the aspect ratio
of the melt pool (d w~ 1), where the ED refers to the areal
energy density, as detailed in section 2.2. When the ED is con-
trolled as 33.3 J'mm~2, d w—! shows a decreasing trend for
all material combinations as the powder feed rate increases.
P1B1 pair has the smallest reduction of d w~! value, suggest-
ing that the dimension of the melt pool generated by this mater-
ial match is relatively stable with the powder feeding variation.
Interestingly, the melt pool aspect ratio of P1B3 pair is gener-
ally smaller than that of the other two pairs with similar mater-
ial matches (P1B1 and P1B2). The fluctuations of the melt pool
dimension for P1B3 at the powder feeding rate of 18 g-min~!
are more sensitive to the given ED variation, while for the first
two pairs, the dimension changes of their melt pools are relat-
ively slight, reflected by a stable value of d w~! nearly ~0.14
(figure 3(b)).

Within the given parameter window, the small d w~! values

imply that the melting process followed a conduction mode
for all material combinations [41, 49], ensuring that the tracks
were generated in a relatively stable regime. Further quantit-
ative analysis indicates that the melt pool width or depth alone
is affected by material match heterogeneity. The increasing
powder feeding rate (F) leads to a reduction of the melt pool
width for P1B1 and P1B2, while it brings an inconspicuous
effect on the width of the melt pool of pair P1B3 (i.e. the
width change in figure 3(c)); a larger powder feeding means
that more particles entering the laser irradiation area, which
increases the refractive degree and the energy attenuation due
to the shielding effect [50, 51], thus weakening the penetration
ability of the incident laser, further leading to the reduction of
the melt pool depth (i.e. the depth change in figure 3(f)). In
addition, the results in figures 3(d) and (e) show that increas-
ing the laser power (P) alone induces wider printed tracks
with deeper melt pool depths while improving the scanning
speed causes a reduction in the width and depth of the melt
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Figure 3. Melt pool dimensions. Figures (a) and (b) show the changing melt pool aspect ratio (d w™") trend with the increase of F and ED,

respectively. (c)—(e) Illustrate the variations of melt pool width (w) with the change of F, P, and S, respectively. (f)—(h) Illustrate the
variations of the melt pool depth (d) with the change of E, P, and S, respectively.

pool. Laser power and scanning speed are the dominant factors
for modifying ED; thus, the variations of both are based on
the change of ED to affect the melt pool size—ED is posit-
ively correlated with the altering in power, while reversely,
with scanning speed changing, and the effect of laser power is
more significant. It is worth noting that the melt pool width
and depth of IN718 powder deposited on a dissimilar base
material are more sensitive to changes in the above paramet-
ers. For instance, the melt pool depth of P1B3 increases not-
ably when turning the power from 600 to 1400 W (figure 3(g)).
Still, the melt pool size of P1B3 is generally smaller than that
of P1B1 and P1B2. The Marangoni convection, as the dom-
inant driving force for melt pool propagation, will affect the
clad geometry, where the convection intensity can be quanti-
fied by tracing the speed and directions of the melt flow [52].
As aforementioned, the streamlines of homogeneous mater-
ial combinations (P1B1 and P1B2) are thicker than that of
the heterogeneous material combination (P1B3), suggesting
a stronger melt flow for the formers, which corresponds to

the results that a relatively large melt pool size is generated
for the homogeneous material combination. In addition, the
distinctions in melt pool size are also related to the thermal
physical parameters of the base materials [53]. The melting
point and specific heat of B3 (SS316L) are higher than that
of Bl and B2 (IN718 and IN625). With the same parameters,
the heat supplied by the laser beam (excepting the energy dis-
sipation by powder shielding) may be insufficient to melt B3
while enough for B1 and B2, leading to a relatively weak pen-
etration capability. SS316L has a higher thermal conductivity
below the solidus temperature compared to IN718 and IN625.
Thereby, at the same ambient temperature, when the heat is
delivered to the three baseplates of the same physical dimen-
sion, relatively fast heat diffusion would happen on B3, which
causes more wasted energy that would otherwise be used
for forming the melt pool, resulting in a narrower and shal-
lower melt pool for P1B3. This confirms the relatively small
cross-section of the track of the P1B3 combination shown in
figure 2(f).



Int. J. Extrem. Manuf. 6 (2024) 025001

J Ning et al

Qlumnai F
d,endh't_.es’;

(iii)
Deposited IN718

(ii)

Deposited

material
SS316L

Deposited IN718

Base
material

Deposited
SS316L

Primary element/cps
Primary element/cps

Base material
SS316L

50 um

100 200

Distance/um

200
Distance/um

300

Figure 4. Microstructural morphology of different material combinations. Figure (a) is for the P1B1, where (i) is the global SEM image,
(ii) is the zone of the deposited layer, (iii) is the magnified interfacial zone marked with the solid blue rectangle in (i), and (iv) the localized
magnification of the interface. Figure (b) is for P1B2, where (i) is the interfacial microstructure and (ii) is the corresponding localized
magnification. Figure (c) is for P1B3, where (i) is the global SEM image, (ii) is the magnification of the interface, and (iii) is a localized
magnification of the deposited layer and the corresponding EDS mapping of Nb, Mo, and Ti. Figure (d) is the interface morphology of
P2B1. Figure (e) is the interface morphology of P2B3. Figure (f) is the primary element (Fe and Ni) variations with the distance, where the
sampling direction is shown as the white dashed arrow in (a-iii). Figure (g) is the primary element (Fe and Ni) variations with the distance,
where the sampling direction is shown as the white dashed arrow in (c-ii). The parameters used for these groups were P-1000 W,

$-600 mm-min~", F-18 g-min~".

3.2. Microstructure morphology and features

3.2.1. Interface and microstructure morphologies.  From the
perspectives of internal and microscopic levels, the micro-
structure of the samples printed with different material
matches shows diversity. On the one hand, it embodies the
microstructural morphology, and the difference in morpho-
logy at the interface between the deposited layer and the base
material.

A HAZ between the deposited layer and the substrate can
be observed when IN718 powder was deposited on the nickel-
based alloy baseplates (figures 4(a)—(i)), whereas it is a sharp
transition for the combination of P1B3 (figure 4(c)). Generally,
the HAZ arises from the deposition’s thermal cycling and
heat accumulation, and its range is strongly influenced by the
material characteristics [54]. With the same heat input, when
SS316L was used as the base material, relatively more heat

would dissipate due to its relatively large specific heat capa-
city and thermal diffusion capability (compared to IN718 and
IN625), and the accumulated heat in the substrate may not
be sufficient to affect the generation of an apparent HAZ.
Meanwhile, from the view of materials’ properties, the solid-
ification temperature ranges of IN718 and SS316L are differ-
ent. The former’s (1336 °C-1260 °C) is lower than the latter’s
(1460 °C-1420 °C) [55]. During cooling, the SS316L as the
base material would solidify prior to the melts of IN718 des-
pite the occurrence of the composition mixture in the melt pool
evolution, so a direct transition for the material combination of
P1B3 was yielded. In addition, the solidification interval (SI) is
related to the generation of solidification cracks and a positive
correlation between them [56]. The melts of IN718 alloy own
arelatively wide SI compared to the base material SS316L, so
the risk of cracking at their interface is higher. This can explain
the appearance of the microcrack at the boundary between
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the deposited layer and the baseplate (figure 4(c-ii)). Even
for the material pairs using SS316L powder, the difference
in the properties of the base materials can rationalize the sec-
tional morphology of P2B1 and P2B3 pairs, where the former
appears as a ‘filamentary’ transition layer near the interfa-
cial zone (figure 4(d)), while the latter has a sharp interface
between the deposited layer and the baseplate (figure 4(e)).
The interfacial morphology is also consistent with the changes
in composition near the melt pool interface. The content of
principal elements (Fe and Ni) near the interface of the homo-
geneous material combination P1B1 did not show significant
changes (figure 4(f)); in combination P1B3, where no signific-
ant HAZ was observed, there was an apparent increase trend of
element Fe from the melt pool to the substrate, while the con-
tent of the element Ni, on the contrary, decreased significantly
(figure 4(g)). In the case of the material pair where SS316L
was the powder material, the clear interface also corresponded
to the variation of the primary elements (figure S3).

Furthermore, the interfacial morphology of the multi-track
bimetallic structures also varies with the deposition sequences
of the different material combinations. In the cross-sectional
direction perpendicular to the scanning direction, namely the
y—z plane, a distinct interface is obtained when the IN718 was
deposited first followed by SS316L (i.e. P2/P1, figure 5(b));
in contrast, the interface of the material combination in which
SS316L was deposited first followed by IN718 was an irreg-
ular transition, and the distribution of the primary element Fe
was inhomogeneous (i.e. P1/P2, figure 5(c)). The reason for
this difference is that the P1 material (IN718) has a higher
viscosity and density compared to P2 (SS316L). When it
is used as a base material (referring to the P2/P1 combina-
tion), it is not conducive to the composition mixing within
the melts.

In terms of the microstructures near the interfaces, the gran-
ular precipitates are discretely distributed near the HAZ or
the transition zone between the deposited layer and the base
material in samples P1B1 and P1B2 (figures 4(a-iv) and (b-
ii)). Combined with the EDS analysis (figure S4), they are
inferred to be the Nb- and Mo-rich Laves phases. However,
for P1B3 (figure 4(c-ii)), the direct interface is surrounded by
only a small amount of discrete and particle-like precipitates,
and their distribution is influenced by the incomplete mix-
ing of IN718 powder material with the SS316L base material.
The microstructures within the deposited layers show a sim-
ilar morphology along the deposition height direction (i.e. the
z-direction) for the clad layers of P1 (IN718) powder printed
on three baseplates. From figures 4(a-ii), (b-1) and (c-iii), it can
be observed that the middle areas of the deposited layers of
P1B1, P1B2, and P1B3 uniformly consist of columnar dend-
rites, whose growth directions are all vertically upward follow-
ing the direction of the temperature gradient and are dominated
with austenitic matrix and strip- or chain-like structure spliced
by continuous Laves phases.

3.2.2. Grain and crystallographic features.  The crystallo-
graphic features of the deposited layers are dissimilar, which
is the other reflection of the microstructural diversity for

different material combinations. EBSD analysis was conduc-
ted on the samples printed using different material pairs, where
the texture evolutions concerning the deposited layer were
examined on the YZ plane to further assess the potential dif-
ferentiation. Figures 6(a) and (b) exhibit the IPFs in the laser
scanning direction for the combination P1B1 and P1B3, where
the specific location of each group displayed corresponds to
the boxed area shown in figures 4(a)—(i).

For the deposited layers of the single tracks, the colum-
nar grains are the main structures for PIB1 and P1B3. The
shape in PI1BI is of uniformity relatively, while in contrast,
the coarse columnar grains with a larger aspect ratio predom-
inate in P1B3, especially in the middle zone; a proportion of
equiaxed grains are densely distributed at the top of the clad-
ding layer. Also, the grains in P1B3 have a preferential growth
direction of <001>. According to figures 6(e) and S5, it is
revealed that the grains in the deposited layer of P1B1 and
P1B2 do not exhibit a preferred orientation, whereas a slight
fiber texture in [100] with the maximum MUD of 4.72 shows
in the P1B3. This preferred growth orientation is common in
IN718 materials solidified in FCC structures, and similar res-
ults have been reported in related studies [57, 58]. For the
combinations of P2, the coarse columnar grains predomin-
ate in the P2B1 deposition layer, and a very small fraction of
equiaxed grains are confined to specific regions at the top of the
layer (figure 6(c)), whereas P2B3 consists of irregular colum-
nar grains extending throughout the clad layer (figure 6(d)).
And the grains in the combinations of P2BX appear as random
crystallographic textures (figures 6(f) and S5).

It is noteworthy that the grains within the clad layer show a
tendency to transition from columnar dendrites in the middle
zone to equiaxed dendrites in the top zone, which is relatively
more pronounced in the heterogeneous material combinations
(P1B3 and P2B1). Taking the case of P1B3 as an example,
as mentioned earlier, less spatter was generated during the
melt pool propagation. Relatively more powder entered the
melts and contacted the melt pool, resulting in a relatively high
deposition height (figure 2(f)); the unmelted powders contact-
ing the top of the melt pool increase the possibility of hetero-
geneous nucleation. Meanwhile, the equiaxed grains on the
top of the clad layer might be the microstructure of the raw
powder itself trapped by solidification at the top of the melt
pool [43, 59]. Moreover, referring to the degree of alloying
(DoA) [60] to quantify the content of specific elements is help-
ful to realize the interdiffusion extent between the powder and
the base materials and to further evaluate the microstructure
within the heterogeneous combinations. Referring to the DoA
scheme (table S3 and Supplementary text B), the DoA value of
the examined melt pool’s cross-section shows a majority level,
indicating that the temperature gradient and the composition
dominate the grain growth. On the one hand, the grain growth
along the gradient direction tends to form elongated columnar
grains in the middle zone; on the other hand, the large inter-
diffusion of Fe causes an uneven solute distribution, further
leading to a certain extent of constitutional supercooling [61],
which is conducive to promoting the transition from colum-
nar to equiaxed grains, as shown in the upper zone of the clad
layer.



Int. J. Extrem. Manuf. 6 (2024) 025001

J Ning et al

—_
D
=1

Building direction

P1: IN718 layer

P2: SS316L layer

P2: SS316L layer

P2: SS316L layer

P1: IN718 layer

P1: IN718 layer

P2: SS316L layer

200 pm

Figure 5. Interfacial differences between the multi-track structures fabricated with different material combinations. (a) Illustration of the
bimetallic structures, where P1/P2 means the upper part as P1 and the lower part as P2, and P2/P1 means the upper part as P2 and the lower
part as P1. (b) Interface features of the P2/P1 material combination in the y—z plane. (c) Interface features of the P1/P2 material combination
in the y—z plane. Figures (d) and (e) are the interfacial features exhibited in the x—z plane for P2/P1 and P1/P2, respectively.

Grain size statistics for clad layers of single tracks can
illustrate differences in microstructural features. Based on the
quantitative analysis (figure 6(g)), the grains in P1B1 and
P1B2 have the highest relative frequency in the 10-20 um
interval, while the grains in P1B3 are concentrated in the 20—
30 pm range within a limited count of statistics and P1B3 con-
tains more grains with the relatively large size (70-160 pm).
Correspondingly, the mean grain value for P1B3 (34.2 ym)
is larger than that of the other two groups (23.5 ym for P1B1
and 30.3 pm for P1B2, figure 6(h)). For the combinations with
SS316L (P2), the statistical result in figure 6(i) shows the total
grain size range, and the mean grain size of P2B1 (57.5 ym)
is larger than that of P2B3 (37.3 pm). Although the grain
size distribution range of the combination P2B2 is similar to
P2B3’s, its corresponding mean value is relatively large.

For the multi-track bimetallic structures formed by P1 and
P2, grain growth exhibits differences in the region of inter-
faces induced by heterogeneous materials. For the P2/P1 com-
bination, the direct interface limits epitaxial grain growth, and
the grains near the interface are irregular in shape and do not
exhibit a clear preferred growth direction (figures 5(b) and
(d)). For P1/P2, the upper IN718 grains show epitaxial growth
based on the lower 316 1 grains and exhibit a distinct <001>
growth orientation along the deposition height direction, lead-
ing to the formation of thicker columnar grains; the grains are
still epitaxially grown despite the elemental variation in the XZ

plane (figure 5). Essentially, differences regarding the grain
growth features at the interface of the bimetallic structure are
related to the interface formation mechanism of the alternate
deposition of the Ni- and Fe-based materials. As mentioned
before, a gradual transition interface was generated for the
P1/P2 combination. When depositing IN718 on the SS316L
layer, the solidification started from the previously solidified
SS316L and the newly formed liquid solute, and due to the
change in solute composition generated when the dissimilar
materials are combined, constitutional undercooling occurred
at the solid/liquid front [62], thus promoting dendrite growth,
which further evolved into columnar grains formed in an epi-
taxial growth pattern across the interface and in the newly
deposited IN718 layer.

As for the P2/P1 combination, a significant compositional
mutation was observed at the interface. The grains of the pre-
viously deposited IN718 layer would grow in an epitaxial
trend within the layer. Subsequently, depositing SS316L on
it, the initial solidification of the new solute happened in
the composition change zone, and an unconventional melt
pool flow would occur, which was validated by Xiao et al
[63]. With a large undercooling, the special flow promoted a
large number of nuclei, resulting in the mixed grain structures
without epitaxial growth. Accordingly, the grain features near
the P2/P1 combination interface differ from those of the other
combination.
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Figure 6. Crystallographic information of the single tracks printed with different material combinations. Figures (a) and (b) are the locally
inverse pole figures (captured along the section plane, i.e. YZ plane) of P1B1 and P1B3, respectively. Figures (c) and (d) are the local IPFs
of P2B1 and P2B3, respectively. Figure (e) is the {100} contoured pole figures of P1BX, and (f) corresponds that of P2BX (X =1, 2, 3).
Figure (g) is the grain size distribution of sample P1BX. Figure (h) is the grain size statistics of samples of PIBX (P1B1: n = 689; P1B2:

n = "T14; P1B3: n = 477), and (i) is that for P2BX (P2B1: n = 168; P2B2: n = 225; P2B3: n = 464). The parameters used for these groups
were: P-1000 W, S-600 mm-min’l, F-18 g-min’l. All the scale bars stand for 250 pm.

3.3. Microhardness comparison and analysis

Microhardness is a vital index of mechanical property that
can synthetically display materials’ elasticity, plasticity, and
strength [64]. In order to uncover the difference in the micro-
hardness, partition tests were performed on the samples prin-
ted with different material combinations. The cross-section of
the printed track could be roughly divided into three zones of
interest (ZOIs) through the D-S boundary and the M-S junc-
tion, namely the EZ, PZ, and BZ (figure 7(a)). Ten points were
selected evenly in each ZOI to obtain the hardness values.

1

Concerning the tracks printed with different material
matches (same powder, different baseplates), the hardness
values within the same area of concern are unlike, as shown
by the fact that the powder P1 and P2 deposited onto the
same two nickel-based alloy baseplates have similar hard-
ness values, yet are significantly higher than those deposited
onto SS baseplate. Based on the microhardness statistics in
figure 7(b), the average microhardness (Ave. HV(,) of each
ZOI for P1B1 and P1B2 are >10% larger than those of the
corresponding zones for P1B3; comparably, for the former two
pairs (P1B1 and P1B2), the Ave. HV, of each zone is close,
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Figure 7. The microhardness comparison for different material combinations. (a) Illustration of region division in the sample; (b) the
average regional microhardness values vary with the material combination; (c) the contents of main elements in the deposited layers of pairs
P1B1 and P1B3; (d) the contents of main elements in the deposited layers of pairs P2B2 and P2B3; (e) the simulated results of the principal
element distribution for combination P1B3 that matched Ni-based powder (IN718) and Fe-based base material (SS316L); (f) scatters of
microhardness value in different ZOIs for combinations of the IN718 powder with different base materials; (g) scatters of microhardness
value in different ZOIs for combinations of the SS316L powder with different base materials (p.s. blue-colored symbols are for the PXB1,
green for PXB2, and red for PXB3. (X =1, 2, 3)).

approximating the previously reported value of as-deposited the average microhardness values in each ZOI of P2B1 and
IN718 (~255 HV) [65]. A similar trend also shows in the P2B2 appears (~210 HV, for EZ and PZ, ~240 HV, for the
P2BX combinations, where a negligible difference between BZ), and their hardness values exceed >15% than the values
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in the same zones of the combination P2B3, and the latter
nearly agree with the value of deposited SS316L reported by
the earlier study (~182 HV) [66].

Grain size refining has a specific impact on the hardness,
quantified by the Hall-Petch relationship [66], namely a smal-
ler grain size corresponding to higher yield strength and hard-
ness. As discussed earlier (figure 6(h)), the grain of the P1B1
is finer than that of P1B3 on average, which can be aided in
understanding the result of its higher hardness. Meanwhile,
the elemental composition also influences the hardness, and
its influence can be dominant and even greater than the grain
size or the dendritic arm spacing, verified by the study of Wolff
et al [67].

Disparities in the distribution of elemental composition in
the different printed layers can rationalize the differences in
hardness among the different material matches. For the tracks
printed with nickel-based powder (P1), the equivalent Ni ele-
ment (Nieq) can correlate with the changing trend of micro-
hardness values; it has been investigated that there is a quant-
itative linear relationship between them [68]. Focusing on
pairs P1B1 and P1B3, and referring to the EDS analysis in
figure 7(c), it can be calculated by equation (1) that the Nigg—
135.7 for P1B1 with Ni-based alloy as the base material is
greater than the Nieg—122.5 for P1B3, which is the combin-
ation with an iron-based material as the base material (figure
S7). A greater equivalent Ni element fits with a better hardness
property. Accordingly, it ties nicely with the results that pair
P1B1 exhibits a superior hardness compared to pair P1B3,

Nigq = Ni+ 0.65Cr + 0.98Mo + 1.05Mn + 0.35Si + 12.6C
—6.36Al1 + 3.80B + 0.01Co + 0.26Fe + 7.06Hf

+ 1.20Nb 4 4.95Ta 4 5.78Ti + 2.88W. (1
Likewise, regarding the matches of SS316L powder (P2),
the difference in hardness can be examined by the ele-
mental composition. Previous studies have demonstrated that
an approximation of steel’s hardness can be estimated by the
chemical composition, where the critical weldability (Pcp,
equation (2) was referred, and its value for iron-based alloys
has a linear relationship with the hardness value of the corres-
ponding material—larger P, corresponds to greater hardness
[69]. Given that, taking pairs P2B2 and P2B3 as examples and
combining the element analysis of printed layers (figure 7(d)),
the P, for P2B2 can be calculated as 6.16, which is greater
than the corresponding value of 4.95 for P2B3 (figure S7). The
magnitude relationship between P, values of the two pairs
quantitatively supports the outcome that the hardness of the
stainless-steel powder deposited onto the nickel baseplate is

superior to that onto the stainless-steel baseplate,
Si

Pen =C+ —
m=Ct 35+

Ni

60

Mo V
2

Mn + Cu + Cr
20

It is noted that the differentiation of hardness values herein
is not simply epitomized as whether a match with the same

materials outperforms a different material match. For the
tracks printed with a specific parameter set, the dissimilar-
ity in the composition of the powders and baseplates can dir-
ectly influence the difference in hardness performance. More
specifically, the dominant roles were the mass transformation
and elemental intermixing between heterogeneous materials
(powder and baseplate) accompanied by the dynamic behavi-
ors of the melt pool (fluctuation, propagation, and solidific-
ation) during deposition. When using nickel-based powder,
a portion of Fe from the iron-based baseplate would be cer-
tainly blended into the deposited layer following the melt
flow mainly governed by Marangoni forces [60], while the
Ni was locally ‘diluted’ due to the uneven solute distribution.
The DoA value in the P1B3 pair, mentioned in section 3.2.2,
can serve as evidence of the occurrence of significant alloy-
ing during the solidification. Also, the calculated composi-
tion shown in figure 7(e) exemplifies that the principal ele-
ment of the powder (Ni) distributes nonuniformly inside the
deposited layer; the Fe as the principal element of baseplate
spreads site-dependently, and its concentration decreases with
distance to the bottom of the melt pool. Comparably, for the
case depositing SS powder on the nickel-based alloy baseplate,
the DoA for the clad layer of the P2B2 pair shows a ‘major-
ity’ extent based on the calculation of the Ni element con-
tent (supplementary text B), suggesting that mutual re-alloying
also occurred in the melts during solidification under the given
parameter condition. Combined with figure S6, more Ni ele-
ments could be brought into the deposited layer, and a further
part of the Fe gets diluted. In light of this, referring to res-
ults yielded by the pairs of homogeneous material, the hard-
ness of the nickel/iron-based pair is weakened, while the res-
ulting HV of the iron/nickel-based match shows an enhanced
trend.

Interestingly, the hardness of the samples printed with the
same or similar material combinations is almost consistent
across the respective ZOI; however, the different material
combinations present regional discontinuity, especially at the
junction between the deposited layer and the dissimilar base
material. From figure 7(f), the symbols within all the ZOIs
of P1B1 and P1B2 (marked by blue and green) gather in a
relatively concentrated interval of hardness value, while the
symbols of P1B3 (marked by red) distribute more discretely,
where the scatters within BZ correspond a less hardness value
compared to those in EZ and PZ, with a deviation of approxim-
ately ~60 HV,. Concerning the combinations using powder
SS316L (figure 7(g)), the red-marked symbols in all ZOIs dis-
tribute uniformly, which were sampled from the tracks printed
with the same baseplate, whereas the hardness scatters for the
case of the nickel-based alloys as the base material (marked
by blue and green) vary with the ZOIs. The corresponding
values at the interface are generally higher than those of the
deposited layer (including EZ and PZ). Such regional discon-
tinuity of hardness exhibited in samples using heterogeneous
material combinations can be ascribed to the distinction of
the alloy composition near the M-S junction resulting from
solute redistribution in solidification. Because of the dissimil-
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arity in the composition of the heterogeneous material pair, the
solidified interface commonly crystallizes a distinct compos-
itional transition zone or mutation zone concerning the prin-
cipal elements, which can be demonstrated by the calculated
element distribution (figures 7(e) and S6) and the measured
chemical variation (figure S8). Such metallurgical weakness
directly relates to differentiated mechanical properties and can
adversely impact the bonding performance, which should be
avoided marginally [19, 70].

4. Conclusions

In this study, incorporating experiments and the complement-
ary simulation, the printability differences for using dissim-
ilar material combinations of nickel- and iron-based alloys
were investigated and interpreted from the macro- and micro-
scale perspectives, respectively. The main contributions can be
drawn as follows:

(1) Focusing on the DED process of single-track, the physical
variation of melt pool propagation for respective mater-
ial pairs was captured using high-speed imaging. The melt
pools generated with nickel alloy powder and homogen-
eous base materials (P1B1 and P1B2) are morphologically
larger than that deposited onto heterogeneous baseplate of
iron-based alloy (P1B3), and their melt pool propagation
is accompanied by relatively intense melt flow and more
spatters. This is one of the macroscopic manifestations
of the difference in printability of heterogeneous material
combinations, where the surface tension and the viscosity
of the liquid alloys played the essential factors. Also, due
to the greater specific heat and thermal conductivity of the
SS base material, the melt pool of depositing IN718 onto
SS appears narrower and shallower than that of deposit-
ing IN718 onto nickel baseplates for a given parameter
range.

(2) Microstructural diversity summarizes printability in the
micro/internal aspect, characterized by differences in
interfacial morphologies and grain growth. For the interfa-
cial dissimilarity, a nearly sharp interface surrounding the
melt pool in the single track can be generated due to the
dissimilarity between the basic properties of powder and
base materials (e.g. thermal conductivity, and solidifica-
tion interval.). The interfacial morphologies of the bimet-
allic parts are associated with the deposition sequence of
the concerned alloys, where a smooth transition interface
is yielded for the P2/P1 combinations and an irregular
transition for the inverse combinations, as the use of the
materials of higher viscosity and density as the substrate
is not conducive to the composition mixing within the
melts. The grain feature discrepancy refers to the trans-
formation within a single-track layer from columnar dend-
rites to equiaxed grains (P1B3), accompanied by grain
size variation within a limited count of statistics (P1B3
is 45.5% larger than P1B1) as well as the cross-interface
epitaxial growth for the P1/P2 bimetallic structures. These

result from the synergistic effects of uneven alloy compos-
ition distribution and constitutional undercooling caused
by solute redistribution during the specific solidification.

(3) As for the heterogeneous material combinations, in addi-
tion to the significant hardness variations at the interface,
the hardness of the deposited layers also presents evid-
ent differentiation. Compared to the same material com-
binations, the microhardness within a deposited layer of
the nickel-/iron-based pair is weakened, with an average
decrease of 8.8%; while in turn, that of the iron-/nickel-
based pair exhibits a 19.6% improvement for the depos-
ited layer. The experimental results and the complement-
ary simulation demonstrate that such heterogeneity can be
interpreted by intermixing the principal elements of mater-
ial pair and localized re-alloying in the solute during the
solidification. The formation of the transition zone or the
mutation region distinguished by the content of the prin-
cipal element of the powder and the base material causes
the discontinuity of microhardness between ZOlIs.

This work follows the framework of ‘material-process-
property,” considering not merely the materials and process but
also the forming quality and mechanical property, and aims
to give more insight into the DED printability of bimetallic
materials. Nickel- and iron-based alloys are selected for the
comparative investigation; however, a thoughtless point exists
herein, like the baseplates’ microstructures were not uniformly
controlled. In application-oriented bimetallic design and man-
ufacturing, attention should be drawn to the microstructure and
mechanical properties of the heterogeneous materials, espe-
cially for the inhomogeneity or discontinuity exhibited near
the interface, which may potentially affect the application per-
formance of the components. To further elucidate the com-
plexity in solute redistribution during melt solidification and
the effective control of the elemental mixing for tailoring more
reliable structures, matching heterogeneous materials can be
potential directions for future work.
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