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The formation of brittle incoherent Fe-Al intermetallics at dissimilar interface makes wire arc additive
manufacturing (WAAM) of stainless steel (SS)-aluminium (Al) difficult. The incorporation of nickel (Ni)
interlayers between SS and Al is thought to improve structural integrity. This article provides a detailed
characterization of SS-Ni and Al-Ni interfaces. The Al-Ni interface is divided into three intermetallic
zones: AlINi at center, Al;Ni on Al side, and AlINi; on Ni side. The Ni;Fe, NiFe, and NiFe; intermetallics at the
SS-Ni interface increase with heat input. The intermetallics at the Al-Ni interface are found to be affected
by heat input as well as primary dendrite arm spacing (PDAS) and dendrite growth angle (DGA) of the Ni
dendrites. With low heat input, low DGA, and high PDAS, the intermetallic thickness at the Al-Ni interface

decreases. It is also discovered that as heat input increases, the hardness of both interfaces increases.

The wire arc additive manufacturing process (WAAM) is
a versatile and economical [1] process with the ability to
deposit small to large engineering components in compari-

son to the other metal additive manufacturing processes [2].

with suitable metal combinations using WAAM. Tian et al.
[11] deposited Ti-6Al-4V to AlSi; FGS through the WAAM
process and found that the interface layers consist of continu-
ous layers of intermetallics, Ti,AlLSi,,, and because of this,

the failure occurred at the interface layer. A crack, of size

- . . PR E
WAAM has been a center of attraction for researchers due to 40 pm, was observed at the interface layer which was initi )
its highest deposition rate and less capital and operating cost ated at the interface layer and propagated to the Al side under g
among the different metal additive manufacturing processes. the residual stress due to the high difference in thermal con- Z
Till date, many researches have been published on the very ductivity and thermal coeflicient of expansion. Marinelli et al. *
common alloy system such as carbon steel [3], stainless steel [12] deposited trimetallic FGS through the WAAM process %
[4], aluminium [5], copper [6], titanium [7], magnesium [8], with tantalum, molybdenum, and tungsten alloys and noticed 3
superalloys [9], etc. Because of the large number of published dense network of cracks at the interface between tantalum §
> . ‘23

studies on these alloy systems, the interest of the researchers and molybdenum, however, no crack has been reported at the
has currently shifted towards the n-metallic (n=2, 3, 4, ...) tungsten and molybdenum interface. This led to the knowledge 5
functionally graded structures (FGS) from the single configu- that the intermediate alloys (as buffer layer) accommodate the 3
ration alloy system. However, the various challenges associated residual stress and cyclical expansion with minimum localiza- 5
with the dissimilar metal interface such as undesirable inter- 1107 of strain. Abe et al. [13] successfully deposited Ni6082 %
over SS308L and found that failure of the structure occurred =

metallic formation, thermal stress-based cracking, inferior
mechanical and metallurgical properties, etc., act as a back-
lash in the realization of such n-metallic FGS for the struc-
tural or functional application [10]. Despite the challenges,

many researchers have successfully developed different FGS

©The Author(s), under exclusive licence to The Materials Research Society 2022

at the Ni6082 side, not at the interface, which shows the excel-
lent bond strength between the deposited dissimilar metallic
structure. The diffusion was uniform in both of the metals and
the interface width was ~200 um. Shen et al. [14] deposited
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Fe;Al-based iron aluminide walls with 30 at.% Al content by
using 99.5% pure iron wire and 1080 aluminium wire through
the WAAM process. They noticed that the input current and
interlayer temperature control the size of iron aluminides
intermetallics in the process. In the literature survey, it was
noticed that amongst all the deposited bimetallic or trime-
tallic FGS, the knowledge related to stainless steel (SS) and
aluminium (Al) FGS is rare and dormant. The behaviour of the
interface between these incompatible alloys with the deposi-
tion parameters is not known yet. However, the direct constitu-
tion of SS to Al interface through the WAAM process is very
difficult due to its way apart physical, chemical, and thermal
properties. The literature survey led to the understanding that
the incompatible metals can be used to form FGS by the addi-
tion of an intermediate alloy matrix, especially, a soft alloy
that can absorb residual stresses and cyclic deformation [15,
16]. Therefore, in this work, the deposition of SS and Al with
Ni interlayer layer between the two has been realized by using
the WAAM process. Adding a few layers of high-nickel-based
alloy in between the stainless steel and aluminium may lead to
the formation of SS-Ni-Al FGS with two metallic interfaces;
stainless steel-nickel (SS-Ni) interface and nickel-aluminium
(AI-Ni) interface. Nonetheless, the possibility of the formation
of compatible intermetallics sequence at the AI-Ni interface
is extremely high, which could lead to the structural integrity
of the deposited SS-Ni-Al structure. In this context, detailed
characterization of the SS-Ni and Al-Ni interfaces is required
to analyse the metallurgical and mechanical behaviour of the
Al-Ni and Ni-Fe intermetallics formed at the Al-Ni and Ni-SS
interfaces, respectively. The successful fabrication of SS-Al
FGS with Ni interlayer structure may open a gateway for the
manufacturing of SS-Al dissimilar structural and functional
components with near net shape features by using the WAAM
process. This work aims to provide detailed information on
microstructural features and the hardness of AI-Ni and Ni-Fe
interfaces. This will add clarity to the Al-Ni and Ni-Fe dissimi-
lar interfaces in terms of intermetallics formation behaviour
and their effect on the structural integrity for the fabrication of
SS-Ni-Al trimetallic structures by using the WAAM process.
Out of the 25 sets of miniature SS-Ni-Al walls with heights
of 30 mm and lengths of 50 mm, four walls were chosen for
detailed microstructural and hardness characterization. These
25 sets of walls were fabricated using the design of experiment
(DoE) with an L25 orthogonal array having two factors, i.e.,
mean input current (I ) and deposition speed (DS), and five
levels. According to the increasing order of heat input, all four
selected samples have Al-Ni and SS-Ni interfaces denoted as
ANI, AN2, AN3, & AN4, and NSI1, NS2, NS3, & NS4 respec-
tively. A detailed characterization of the behaviour of inter-

metallics with varying heat input has been carried out at these
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two interfaces. Furthermore, various hypothetical models illus-
trating the intermetallics formation mechanism et al.-Ni and
SS-Ni interfaces have been developed to close the knowledge
gap on the topic.

Optical microscopy of SS-Ni and Al-Ni interfaces

Figure 1 illustrates optical microscopic images of selected
samples with microstructural variations across the two
interfaces. The SS region below the SS-Ni interface is
generally composed of the primary austenite matrix and
high-temperature §-ferrite segregated at the austenitic
grain boundary. The Ni region above the SS-Ni interface
contains the dendritic gamma (y) phase and the gamma
prime (y’) segregated at the interdendritic region. The for-
mation of intermetallic compounds (IMC) of Fe-Ni may
occur throughout the transition between SS and Ni. Since
Fe-Ni IMCs are primarily face-centered cubic (FCC) struc-
tures, they should be ductile and tough enough to provide
superior integrity of the interface without any defects [10].
However, the Fe-Ni intermetallic thickness (IMT) varies
from 10.23 to 26.82 pm as the input parameters are changed.
Since the WAAM process has a very fast cooling rate (a few
seconds), solid-state diffusion of Fe and Ni atoms within
the matrix is negligible [3, 17] and the formation of Fe-Ni
IMCs should have occurred primarily in the liquid state,
through the mixing of two molten metals. The preceding
statement is validated by comparing the interlayer cooling
time (At) and the time required to form the specific thick-
ness of Fe-Ni IMC at the interface. The At from 1455 °C
(T,) to 800 °C (T,) for the Ni6025 layer was calculated by
using the Eq. 1 [18].

- il ] o
T amkpe (T, — To)®> (T — To)?] | S4

where At is the time required to reach from temperature T, to
T,, k is the thermal conductivity (W/mm/°C), p is the density
(Kg/mm3), c is the specific heat (J/Kg/°C), T, is the Room tem-
perature (°C), T, is the Melting point (°C), T, is the transforma-
tion temperature (°C), 7 is the arc efficiency (85%), V' is the input
voltage (volts), I, is the input current (ampere), S is the depo-
sition speed (DS) (mm/s) and d is the interfacial layer height
(mm). The d values of NS1, NS2, NS3, and NS4 were 2.5 mm,
2.63 mm, 2.81 mm and 2.96 mm respectively. The thermal con-
ductivity (k=0.04 W/mm/°C) and heat capacity (oc 0.005 J/
mm?/°C) values were taken for nickel alloys from reference [18].
The At of the SS-Ni interfaces was calculated as 3.02 s, 23.5 s,
25, and 33.83 s for NS1, NS2, NS3, and NS4, respectively.
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Figure 1: Optical micrographs of SS-Ni and Al-Ni IMC zones (a) NS1/AN1, (b) NS3/AN4, (c) NS2/AN2, and (d) NS4/AN3.

The time required to form the specific thickness of Fe-Ni IMC  described by the Eq. 2 [19]. Where, C; is the constant concentra-
at the interface can be calculated from FicK’s second law where the tion of the diffusing atoms at the surface of the material, Cy is the

concentration gradient of solid-state diffusing of material can be  initial concentration of the diffusing atoms in the material and Cy
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is the concentration of diffusing atom at the location x below the

surface after time t.

CS_C":erf( al ) )
Cs — Co 2Dt

The average of T, and T, is taken for solid-state diffusion
(1127.5 °C) at the SS-Ni interface. Here it is assumed that the
Ni and Fe equally diffuse into each other, and the Ni-Fe IMT
has half part on the Ni side and another half part on the SS side.
Among the NS1, NS2, NS3, and NS4, the NS3 has a minimum
Ni-Fe IMT of 10.42 um (Table ST1), which is selected to calcu-
late the minimum time taken by solid-state diffusion to form
5.21 um of IMT at both Ni and SS side. The different parameters
used to calculate the time are given in supplementary Table ST2
[19].

The diffusion coefficient (D) is calculated by the following

equation [19]. Here, Q is the activation energy (J/mol), R is the
universal gas constant (8.314 J/mol/K), T is the temperature and

Dy is the diffusivity constant.

D = Dge® 3)
The time calculated for the diffusion of Fe into Ni for
5.21 pm is ~ 5000 s and that is of Ni into Fe for the same thick-
ness is ~ 280 s. Therefore, the overall time taken for the solid-
state diffusion to develop 10.42 um of Ni-Fe IMC is extensively
high in comparison to the At value of 25 s. Thus, the mechanism
of intermetallic formation at the SS-Ni interface is primarily
caused by the mixing of elements in the molten state. The opti-
cal micrographs further reveal the formation of a thick AI-Ni
IMC layer at the Al-Ni interface along with the growth of Ni
dendrites in the Al matrix near the interface. This implies that
the Ni layer is partially melted during the subsequent deposi-
tion of the Allayer, and Ni dendrites grow in molten Al during
solidification. The solidification of Al-Ni interface is much faster
than the SS-Ni interface due to very high thermal conductivity
of aluminium. Furthermore, the diffusivity constant (D,) of Al
in Ni is around 4.5x 10™° m?/s [19], which leads to the very slow
solid-state diffusion of Al in Ni matrix. In addition, the large gap
between the atomic radius of Al (143 pm) and Ni (124 pm) [19]
consequently hurdle the solid-state movement of Ni atom in Al
matrix. Therefore, similar to the SS-Ni interface, the IMCs et al.-
Ni interface also formed by the mixing elements at liquid state
before solidification instead of solid-state diffusion. However,
optical microscopy does not reveal the mixing mechanism at
the SS-Ni and Al-Ni interfaces. Therefore, scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy
are used to reveal the mechanisms.

©The Author(s), under exclusive licence to The Materials Research Society 2022

Scanning electron microscopy (SEM) & Energy
dispersive X-ray spectroscopy (EDS) of SS—-Ni and Al-Ni
interfaces

SS-Ni interface

The SEM analysis of SS-Ni interfaces are investigated thoroughly
and found that the hypothesis developed by optical microscopy
is justified. The NS1 sample has lowest heat input (~200 J/mm)
leads to supercooling of the weld pool (~ 3 s) resulting in solidi-
fication of the Ni embryo in the Fe matrix [Fig. 2(a)]. The SEM
images of the SS—Ni interface revealed that SS-Ni mixing zone
appeared in NS2 and NS3 samples because of the two times
higher heat input (NS2 = ~ 558 J/mm and NS3 = ~576 J/mm)
than NS1 which provides relatively slower cooling and adequate
time to the formation of Ni-Fe IMC [Fig. 2(b) and (c)]. The NS4
sample experienced maximum heat input (~ 670 J/mm) result-
ing in the formation of thicker IMC than the NS2 and NS3 sam-
ples with Fe and Ni solid solutions zone at the SS-Ni interface
[Fig. 2(d)]. Surface tension force, buoyancy force, and electro-
magnetic force can be used to describe the mixing of elements in
the molten pool during the WAAM process [Fig. 2(e)]. Surface
tension and buoyancy forces act outward from the middle along
the liquid interface, whereas the electromagnetic force is acting
downward along the central axis. The simultaneous interaction
of these forces causes turbulence in the molten pool, allowing
elements to mix. However, this mechanism is only valid for met-
als with similar physical and chemical properties, such as Fe and
Ni. During the mixing process, the concentration of Ni and Fe
reaches to a stoichiometric and favorable condition to form dif-
ferent Ni-Fe IMC at the SS-Ni interface [Fig. 2(f)]. The forma-
tion of Ni-Fe IMC, solid solution and the size of mixed zone at
the SS-Ni interface is summarized in supplementary Table ST3.

However, the type of intermetallics formed at the SS-Ni
interface with varying input is assessed by the EDS analysis as
shown in Fig. 3. The results of NS1 sample clearly shows that
the atomic percentage of Ni and Fe at the interface is ~ 6-8%
and ~ 21-28% respectively [Fig. 3(a)] which suggests large
solid solution of Fe in Ni leading to almost uniform distribu-
tion of Fe along the interface creating NiFe, type of IMC. The
NiFe; IMC is generally a metastable phase because of its posi-
tive enthalpy of formation (2.731 kJ/mol) [10]. The positive
enthalpy of NiFe3 formation causes liberation of heat, which
further contributed to the widening of the mixed region at the
SS-Ni interface of the NS1 sample. However, in the current
study, the NiFe3 phase has been stabilized at room tempera-
ture, probably due to the presence of significant Ni content in

the nearby matrix.
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Figure2: SEM images of the SS—Ni interface for (a) NS1, (b) NS2, (c) NS3, (d) NS4, (e) Different forces acting in the molten metal pool during WAAM
process, and (f) Mixing process of Ni6025 and SS316L during WAAM process.
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Because the heat input for samples NS2 and NS3 is nearly
identical, the elemental distributions of both samples are simi-
lar, as shown in Fig. 3(b) and (c). It is observed that the atomic
percentage of Ni and Fe for both of samples lies in the range of
18-31% and 26-50% respectively indicating the formation of
equiatomic NiFe and Ni;Fe IMCs. The slow cooling rate asso-
ciated with higher heat input in NS2 and NS3 probably leading
to the transformation of NiFe, into NiFe [10]. However, NiFe
phase is also metastable and further transformed into Ni,Fe
during cooling. The transformation kinetics of the same can

be understood by the following reactions.
NiFe; — oFe + NiFe (4)

2NiFe; + 4NiFe — 8aFe + 2NizFe (5)

The NS4 sample is having the maximum heat input
among the selected samples (NS1, NS2, NS3 and NS4) which
also leads to the partial transformation of NiFe into Ni,Fe
[Fig. 3(d)]. The formation of solid solution is preferred in the
mixing zone of NS4 along with large fraction of retained NiFe
and small fraction of Ni,Fe. It is possible to postulate from
the EDS analysis that the fraction of Fe-Ni IMCs across the
interface increases with increasing heat input, but large high
heat input results in an excessively large solid solution of Fe
and Ni which reduces the tendency of phase transformation

(supplementary Table ST4).

Al-Ni interface

The SEM images of Al-Ni interfaces [Fig. 4] supports the same
theory that has been discussed in “Optical microscopy of SS-Ni
and AI-Ni interfaces” section (prominent mixing than diffu-
sion). Partial melting of the Ni6025 layer at the AI-Ni interface
occurred because of two types of thermal associations during
the deposition of Al4043 layer. The first is direct heat generated
by the arc during deposition, and the second is convective heat
transfer through interface from molten Al4043. The liquid Al
and Ni are mixed together under the active forces acting in the
molten pool in the same way as shown in Fig. 3(f). The presence
of thick continuous layer at the Al-Ni interface is confirmed by
microscopy [Fig. 4] due to direct mixing of Al and Ni. Interest-
ingly, the thick layer of IMC at the Al-Ni interface is actually
divided into two new interfaces. The IMC-Ni and the IMC-Al
interfaces have been observed around the central AI-Ni IMC
zone. The IMC-AI zone has less nickel content than the central
IMC zone. The nickel solidifies first at the IMC-Al zone as a den-
drite and then grows into the liquid Al. As shown in Fig. 4, the
heterogeneous nucleation of aluminium began around solidified
nickel dendrites during the continuous cooling of the deposited
layer. The AN1 sample is having the lowest heat input (~ 40 J/

mm) and hence, the Ni has very less time to penetrate and grow

©The Author(s), under exclusive licence to The Materials Research Society 2022

into the Al resulting in thinnest AI-Ni IMC. Moreover, due to
rapid cooling of AN1, the Ni dendrites are also broken into
small pieces, as shown in Fig. 4(a). The similar phase formation
behaviour has been also observed at the IMC-Al interface of
AN2, AN3 and AN4 samples, as depicted in Fig. 4(b-d), respec-
tively. Based on the obtained results, the entire solidification and
phase formation behaviour of Ni into Al at the IMC-Al zone is
described by a schematic model [Fig. 4e], where the following
sequential steps may occur.

Ni-dendrite + L-Al
embryo + semisolid Al Ni-dendrite + Al grains

The growth of Ni dendrite and Al grains is affected by
heat input. Fig. 4 shows that as the heat input of the samples

Ni-dendrite growth + Al-

increases both the thickness of Ni dendrites and the growth
of Al, surrounding the dendrites, increases. However, the
Al-Ni intermetallic thickness (IMT) of samples [Fig. 1] is not
only governed by heat input, but also dependent on the com-
bined effect of PDAS and dendritic growth angle (DGA) of Ni
(with respect to the horizontal direction). The penetration of
Ni dendrite in the Al matrix increases with higher DGA and
lower PDAS values of Ni. As a result, the higher PDAS and
lower DGA produces thinner Al-Ni IMC layer as illustrated
in Fig. 4(f). For example, the AN3 sample experienced slightly
higher heat input (~ 70 J/mm) than the AN2 sample (~ 65 J/
mm) during Al layer deposition, but nevertheless showed
lower IMT due to higher PDAS and lower DGA values than
the AN2 sample. The PDAS value of AN2 is 4.1 um smaller
than the AN3, because of higher heat input, but the DGA value
of AN2 is ~ 75.11° which is ~ 5° bigger than the AN3. The
lower DGA of AN3 sample may create additional resistance
to the growth of Ni in the Al matrix resulting in lower IMT.
Among all the interfaces, the AN4 experienced highest heat
input (~ 80 J/mm) with PDAS and DGA values of 15 pm and
86°, respectively, resulting in the highest Al-Ni IMT [Fig. 4(f)].
Looking towards the Ni side of the AI-Ni IMC layer, a mixed
Ni-rich and Al-deficit region is noticed near the IMC-Ni inter-
face as shown in Fig. 5(a) and (b). It is observed that the Al
is present in this zone as a form of band, which indicates dif-
ferent kind of mixing mechanism than the IMC-Al interface.
The mechanism that created band formation is the stretch-
ing and folding of Al layer followed by prior diffusion [20] as
illustrated in Fig. 5(c). This process typically occurs during the
dissimilar autogenous fusion welding of materials with large
melting point differences, such as Al and Ni in this study. High
melting point materials like Ni generally melts partially during
the fusion process because of the direct heating by arc energy
and convective heat from the molten low-temperature material
(Al). The forces acting in the molten pool [Fig. 2(f)] create a
vortex-like structure and forced the Al into the partially melted

Ni region. These vortex-like structures have previously been
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observed in dissimilar welding of Ni-Cu [21] and Ni-Fe [22]
fusion welding processes which also created band-like micro-
structure at the dissimilar interfaces. The mixing of Al into Ni
is influenced by the relative conductivity of the two participat-
ing materials as well as the heat input and melting point of
the two materials. The large thermal conductivity difference
between Al and Ni limits Al fluid motion into Ni, as evidenced
by the EDS results, which show only 25% Al penetrated into
the Ni region. The small amount of Al that is stretched by the

change in force dynamics in the melt pool also experience

©The Author(s), under exclusive licence to The Materials Research Society 2022

abrupt bending. The thickness of Al bands is reduced after each
stretching and bending until it is small enough to allow diffu-
sion between the elements (Al and Ni) and favor the formation
of IMC:s as discontinuous precipitates [Fig. 5(c)].

The total AlI-Ni IMC layer may be divided into three
distinct IMC regions according to the phase formation and
solidification behaviour. The central region with an equal
proportion of Al and Ni, i.e., a 50:50 ratio, could lead to the
formation of AINi. The IMC—Al interface region is high in
Al content, which could lead to the formation of Al-rich IMCs

www.mrs.org/jmr

November 2022

Issue 21

Volume 37

Journal of Materials Research

3638



Journal of
MATERIALS RESEARCH

m

\\\\

(a)

Al-Ni IMC — Al interface

Al-Ni IMC - Al zone

TIIE | A-Ni IMC layer

m Al-Ni IMC layer

’\J\I\.A/
Spot 4

>
2
2
(2]
I
Z2
5
[}
¥
o
a
o

Elements Weight% Atomic% Netintensity Error % Elements Weight% Atomic% Netintensity Error % R
AIK 344 53.1 2231 8.9 0.8586 AIK 35.9 54.8 2722 8.8 0.8598
NiK 59.9 426 198.9 3.1 09279  NiK 60.1 422 230.7 30 0.9288
Elements Weight% Atomic% Netintensity Error % Elements Weight% Atomic% Netintensity Error % R
AIK 58.5 753 448.2 7.4 0.8814 AIK 210 36.5 144.0 93  0.8449
NiK 376 222 1106 32 09427 NK 749 59.9 304.0 26 009186
(b) AINi —aini-l ([l ALK (c)
CrK
i, ALNi/AINi
. FeK ¥, Transition zone
Ni K ¢ AINi

ROI

! WJWVM : 1

Distance (um)
 Elements | Weight % ﬂ
AIK 35.1 246.9 24 0.9176

NiK 62 43.8 223.4 5.2 0.9326

AINi/AINi;
Transition zone

Figure 6: EDS analysis et al.-Ni interface for sample AN1 (a) Point scan, (b) Line scan, (c) Schematic model for phase formation across the Al-Ni interface.

like A1;Ni or AL;Ni,. Similarly, the IMC—Ni interface is Ni-
rich, indicating that Ni-rich IMCs such as AINi; or AL;Ni; are
likely to form. The elemental distribution across the inter-
facial IMC layer [Spot 1 and Spot 3 of Fig. 6(a)] suggested
that the AI-Ni IMC layer is a combination of Al;Ni, + AINi
IMCs, probably having more of Al;Ni, as it is the most stable
form among the Al-Ni IMCs [10]. The formation kinetics of
Al;Ni, and AINi at the AI-Ni interface can be explained by the
following reaction [10], in which the molten liquid partially
transforms into AINi IMC first, and then the rest of the liquid

transforms into more stable AI;Ni,.

L < AINi + L < Al;Ni; + AINi (5)
whereas on the Al side, the Al + AL;Ni type combination is
formed by the following reactions [10], which is confirmed by

the elemental distribution at Spot 2, as shown in Fig. 6(a).

L < Al + ANi 6)

L + Al3Ni; <> Al3Ni (7)
Similarly, the elemental distribution at Spot 4 [Fig. 6(a)] on
the Ni side of the IMC layer indicates the formation of AINij,

which can be formed by peritectic or eutectic reactions [10].

© The Author(s), under exclusive licence to The Materials Research Society 2022

L < Ni + AlNi; (8)

L + AINi <> AlNi; 9)

The line scan of the AN1 sample across the three IMC
regions also supports the same observation where the Ni per-
centage is higher at the IMC—NIi interface and lower at the
IMC—Al interface, but nearly equal in proportion with Al at
the center of the IMC layer as shown in Fig. 6(b). A schematic
representation of the formation of intermetallic regions at
the AI-Ni interface is shown in Fig. 6(c). This representation
clearly explains the phase formation across the Al-Ni interface
developed in WAAM process. Moving from Ni to Al, the IMC
phase formation is found in the sequence as Ni6025 — AINi; —
AINi + AINi; — AINi — AINi + ALNi — ALNi — Al4043.
However, it has already been discussed that the AINi is the first
IMC phase to form; therefore, the phase formation kinetics move
transverse direction towards Al side and Ni side from the center,
as AINi, < AINi + AINi, < AINi — AINi + AL,Ni — ALNi. The
AINi IMC appeared in granular form, whereas Al;Ni appeared
as dendritic enveloped by Al matrix. The AINi; showed Al band
structures enveloped by Ni matrix. However, to ensure the for-
mation of the aforementioned phases at the SS-Ni and Al-Ni

interfaces, an X-ray diffraction (XRD) analysis was performed
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Figure 7: XRD peaks of SS—Ni interface for (a) NS1, (b) NS2, (c) NS3, (d) NS4.

at the specific location and the results are described in the fol-

lowing section.

X-ray diffraction (XRD) analysis
The XRD analysis was also conducted on SS-Ni and Al-Ni

interfaces separately to understand and validate the formation
of different IMCs in the EDS analysis mentioned in the previ-
ous section.

SS-Ni region

The obtained diffraction peaks from SS-Ni interface indicate
the presence of austenitic (y) phase overlapped by the variation
of Ni-Fe IMCs in different samples [Fig. 7]. The NS1 sample
showed higher y -phase overlapped with mostly NiFe; IMC, as
shown in Fig. 7(a). The phases overlap because of their FCC
crystal structure (NiFe; IMC is a L1, FCC structure). It is also
difficult to identify the dominating phase between the NiFe,
and y -phase from diffraction patterns. But it can be understood
that the y -phase is the matrix phase and NiFe, is precipitated at
the interface due to the mixing of elements, as discussed in the

©The Author(s), under exclusive licence to The Materials Research Society 2022

previous section [Figs. 2 and 4]. The NS2 and NS3 samples show
almost similar phase fractions among each other and the pres-
ence of NiFe IMC in both samples. The NS3 sample has a slightly
higher NiFe fraction (2%) than the NS2, probably due to higher
input associated with the sample. It should be noted here that
both NiFe; and Ni;Fe have the same L12 crystal structure [10];
hence the diffraction peaks of both phases generally overlap. But
the EDS analysis discussed in the previous section confirmed
that the NiFe3 is only observed in the NS1 sample. Thus, the
diffraction peaks in other samples must be occurred due to the
precipitation of Ni;Fe IMC. The NS4 sample also shows the for-
mation of Ni;Fe + NiFe IMCs at the interface similar to NS2 and
NS3 samples, but the diffraction peak of NiFe is more prominent
than the others. Therefore, it can be stated that the NiFe phase
fraction increases from 0 to 19.72% with the increase in heat
input from 200 to 670 J/mm.

Al-Ni zone

The XRD analysis of Al-Ni interfaces also confirmed the forma-
tion of AI-Ni IMCs, i.e., AL;Ni, AL;Ni,, AINi, and AINi,. The AN1
sample has the lowest heat input (40 J/mm) and IMT; therefore,
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lesser formation of IMCs can be noticed in the diffraction pat-  IMCs increase, justifying the increase of IMT and AL;Ni IMC.
tern compared to the other samples [Fig. 8(a)]. As the heatinput ~ Higher heat input may induce more elements mixing and more Ni

increases from 40 to 65 J/mm (AN2), the peaks of AINi+ALLNi  penetration in the Al matrix, which also enhances the formation
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of AI;Ni, and AINis, as shown in Fig. 8(b). In the AN3 sample, a
higher heat input (70 J/mm) would have increased the phase frac-
tion of AINi + AL;Ni + AL;Ni, IMCs at the interface, as shown in
Fig. 8(c). The AN4 sample shows higher diffraction peaks of IMCs
with additional intensities of Al;Ni and AINi, [Fig. 8(d)], justify-
ing the formation of the thickest IMT at the interface [Fig. 4(d)].

Micro-hardness

The micro-hardness was performed along the build direction
of the developed wall across the dissimilar interfaces such as
the Al-Ni and SS-Ni regions, and the plots are shown in Fig. 9.
The plot of micro-hardness for the Al-Ni region [Fig. 9(a)] jus-
tifies the respective hardness values of the IMCs formed at the
Al-Ni interface. Paul et al. [10] already discussed the crystal
structures of the different Al-Ni IMCs; accordingly, they men-
tioned that AL;Ni has a D0, crystal structure, AINi has B2, and
AINij; has an L1, crystal structure. The L1, crystal structure is
an FCC-based crystal structure, and therefore, AINi,; comes up
with lower hardness values, more or less close to the Ni alloy,
among the other IMCs formed at the AI-Ni region. The B2 is
a body centered cubic (BCC)-based crystal structure, and it is
obvious that the hardness value of AINi is higher than that of
AlNi;. The AL;Ni has maximum micro-hardness among the
Al-Ni IMCs. The crystal structure of AL;Ni is a higher deriva-
tive of L1, (FCC-based crystal structure), despite its maximum
hardness value. This anomalistic behaviour can be explained
by the effect of the Al fraction in the AI-Ni IMCs, as discussed
by Paul et al. [10]. The yield strength of Al-Ni IMCs increases
abruptly as the Al content increases, which also increases the
hardness. Compared to the Al content, a nominal effect of crys-
tal structure will be inherited on micro-hardness. Therefore,
ALNi has the highest Al content, which leads to an increase in
its yield strength, hardness, and brittleness altogether.

Looking into the SS-Ni region, there are three kinds of
Ni-Fe IMCs found in this study, i.e., NiFe,, NiFe, and Ni,Fe
with a crystal structure of L1,, L1, and L1,, respectively [10].
However, all three crystal structures are FCC-based, but the
hardness of L1, is higher than that of L1,. Therefore, in the hard-
ness plot of the SS—-Ni region [Fig. 9(b)], the hardness values for
Ni6025, NiFe;, and Ni;Fe are closer to each other in a certain
fluctuation with the distance. But, the hardness value of NiFe
IMC is slightly higher than the others due to the correspond-
ing crystal structure. Since the NS1 sample consists of Ni-Fe
solid solution + NiFe;, its hardness is much lower than that of
other samples. In the other three samples, such as NS2, NS3 and
NS4, NiFe is present, which increases the hardness of the SS-Ni
region significantly compared to other available phases.

©The Author(s), under exclusive licence to The Materials Research Society 2022

The present article deals with the A1-Ni and SS-Ni interfacial
characteristics of A14043-Ni6025-SS316L tri-metallic struc-
ture. The following conclusions can be drawn from the above

study.

I. The Al-Ni interface is divided into three distinct IMC
zones: AINi in the center, AL;Ni on the Al side, and
AINi; on the Ni side. The AINi phase is formed by mix-
ing alloying elements in the molten pool. The Al;Ni
IMC is formed by the dendritic growth of Ni in the Al
followed by nucleation and growth of Al on the Ni den-
drite after mixing. The AINi; IMC may form through a
stretching and folding mechanism followed by partial
diffusion.

II. The SS-Ni interface also has NiFe, NiFe,, and Ni,Fe
IMCs, but they are mixed and do not show distinct
zones like the Al-Ni interface. The formation of differ-
ent IMCs at the SS-Ni interface is primarily governed
by mixing alloying elements in the molten pool during
deposition.

III. 'The IMCs at the SS-Ni interface are only controlled by
heat input. As the heat input increases, so does the frac-
tion of IMCs.

IV. On the other hand, the IMCs at the Al-Ni interface are
affected not only by heat input but also by the PDAS and
DGA of the Ni dendrites nearby. When the heat input
and DGA are low, and the PDAS is high, the IMT at the
Al-Ni interface is lower.

V. ALNi has the highest hardness value, followed by AINi
and AINi;. The hardness plot of the SS-Ni interface
shows that the hardness values for Ni layer, NiFe; and
Ni;Fe are relatively close. However, the hardness value
of NiFe is slightly higher than the other IMCs. It is also
observed that the hardness of both interfaces increases

with increasing heat input.

Materials
The SS316L, Ni6025 and Al4043 filler wires of 1.2 mm diam-

eter were selected to develop tri-metallic thin wall structures
of 50 mm length and 30 mm height. The SS304L stainless steel
plate of 200 mm x 200 mm x 20 mm was used as the substrate for
the deposition. The chemical composition of the substrate and
other filler materials are shown in supplementary information
Table ST5 [23-25].
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Methodology

A 6—degree of freedom articulated robotic arm
(ABB1520ID, USA) equipped with the direct energy depo-
sition (DED) power source (Fronius, TPS320i, Austria) were
used for the tri-metallic deposition, as shown in Fig. 10(a).
Initially, the DoE for Ni and Al alloys was performed using
two factors: mean current (I,,) and deposition speed (DS),
as well as five levels. In this way 25 walls have been obtained
from the DoE. Since, the SS316L was deposited at the base of
the wall, it would not affect the SS-Ni interface significantly

© The Author(s), under exclusive licence to The Materials Research Society 2022

as the intermetallic formation at the interface was driven by
the deposition parameters of Ni6025. Therefore, the dep-
osition parameters for SS316L was kept at I, =150 A and
DS =5 mm/s, with a constant gas flow rate (GFR) of 19 L/
min and a contact tip to workpiece distance (CTWD) of
15-17 mm. The complete parameters for the deposition of
Ni6025 and Al4043 during DoE can be seen in supplemen-
tary information as Table ST6. The filler sequence used to
create the walls are schematically represented in Fig. 10(b).
The SS316L was deposited first on the SS304L substrate up to
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a height of ~ 15 mm, followed by Ni6025 (up to ~5 mm) and
Al4043 (up to ~ 10 mm). The ’to be deposit surface’ was flat-
tened by grinding operation and cleaned by acetone before
the individual material section of the tri-metallic walls was
disposed of. The top surface of the deposited SS316L wall
was ground and flattened properly before the deposition of
Ni6025. The grinding process was performed again on the
Ni6025 layer before deposition of Al4043. The deposited
structures were also allowed to cool to room temperature
before the grinding operation. During the deposition of
each material segment, however, the layers were deposited
back-to-back with no time delay between two consecutive
layers. The as-deposited wall can be seen in Fig. 10(c), and
the cross-sectional view of the as-deposited wall is shown
in Fig. 10(d). After measuring Al-Ni intermetallic thickness
(IMT) and Ni-Fe IMT, through an optical microscope, the
four samples were selected based on the increasing thick-
ness of AI-Ni IMC (as it is more crucial than the Ni-Fe IMT
formed at SS-Ni interface) in the range of 200 pm to 800 um
with step size 200 pm. In such a way, the sample has Al-Ni
IMC ~ 200 pum, ~400 um, ~ 600 um and ~ 800 um were cho-
sen for further characterization. Moreover, to better under-
stand the Al-Ni interfacial behaviour, the average grain size
(AGS) of Al and primary dendrite arm spacing (PDAS) of Ni
was also measured for all 25 walls obtained from the DoE.
The complete list of measured output response data can be
seen in supplementary information as Table ST1. However,
the four selected samples have two important regions, i.e.,
Al-Ni region and SS-Ni region, as shown in Fig. 10(c);
therefore, for better understanding and picturization of the
interfacial phenomena, the Al-Ni regions of the selected
samples A5, D3, E3, and B1, were renamed as AN1, AN2,
AN3, and AN4, respectively, by arranging the samples with
increasing order of heat input. The heat input was calcu-
lated by using the formula given in Eq. 10 where 7 represents
the arc efficiency, which is taken as 0.85 for the calculation,
I, represents the input current (Ampere), V represents the
input voltage (Volts), and DS represents the deposition speed
(mm/s). Similarly, the SS-Ni regions of the selected samples,
i.e., A5, D3, B1, and E3, were also renamed with increasing
order of heat input as NS1, NS2, NS3, and NS4, respectively.
The calculated heat input of the AI-Ni and SS-Ni regions,
their respective outputs, and their corresponding names are
illustrated in Table ST7. It should be noted that parameters
of Ni6025 were used to calculate the heat input at the SS-Ni
region, and the parameters of Al were used to calculate the

heat input at the Al-Ni region.

nXInhxV

Heat input(J/mm) = DS

(10)

©The Author(s), under exclusive licence to The Materials Research Society 2022

Metallurgical and mechanical characterisation

The selected samples (04 nos.) were analysed by scanning
electron microscopy (make—Carl Zeiss, made in Germany,
and model—Sigma HD-0112), and pictures of different IMC
regions were captured. The area and line scans were performed
by energy-dispersive X-ray spectroscopy (EDS) (Oxford’s EDS
system) were performed nearer to the intermetallic regions
(Al-Ni and SS-Ni) and across the regions, respectively. Fol-
lowing the SEM and EDS of various IMC regions, such as the
Al-Ni and SS-Ni regions, they were extracted from all four
samples for X-ray diffraction (XRD). A Rigaku MiniFlex XRD
system with a HyPix-400 MF 2D hybrid pixel array detec-
tor (HPAD) and a 600 W X-ray source was used to conduct
XRD analysis of as-deposited samples. The phase analysis was
performed in SmartLab Studio-II software. The samples were
analysed properly at a scan rate of 1°/min in 20° to 100°. The
samples were further taken for the Vicker’s micro-hardness
testing (Model-Anova Falcon 500, Manufacturer—Innovat-
est). The indentations were taken continuously with a gap of
0.5 mm along the build direction in 10 mm of length across
the AI-Ni and SS-Ni regions of the selected samples. During
the test 100 gf load was used along with the 10 s of dwell time.
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