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High-entropy alloy, a new generation material, exhibits superior structural properties. For high-
temperature applications, where dissimilar materials are in demand, HEAs may be joined with
commercially available structural materials to improve their performance-life ratio. In this connection,
a dissimilar joint was fabricated by gas tungsten arc welding between Al ;CoCrFeNi-HEA and Inconel
718.The columnar dendritic grains are growing epitaxially at the Al, ;CoCrFeNi-HEA/weld metal
interface, where their compositions are matching. While the composition misfit at the weld metal/
Inconel 718 interface, reveals the non-epitaxial mode of solidification. In addition, the fusion zone
exhibits the porosity and micro-segregation of NbC and Laves phases. The joint shows a joint efficiency
of ~88%, where the strength is observed to be 644 MPa with 21% ductility. The results demonstrate the
applicability of GTAW in fabricating the dissimilar weld joints between HEA and Inconel 718 for structural
applications.
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and the severe lattice distortion due to the mixing of atoms with
the varying atomic radii attributes to the structural stability and
improved mechanical properties [7].

Al ,CoCrFeNi-HEA is one of the most examined HEAs,
which exhibit simple solid solution with FCC crystal struc-
ture with excellent mechanical properties [8]. Wang et al. have
found that Al ;CoCrFeNi-HEAs show better-softening resist-
ance than the Ni-based superalloys (IN718 and IN718H) at
high temperatures [9]. Li and Zhang have reported that the
formation of nano-mechanical twinning during deformation
results in higher tensile strength and Charpy impact tough-
ness in Al, ,CoCrFeNi-HEA both at room (635 MPa and
420 J) and cryogenic (1042 MPa and 289 J) temperatures than
that of conventional steels [10]. Kumar et al. have demon-
strated a high strain rate sensitivity and work hardening abil-
ity in Al ,CoCrFeNi-HEA using Split-Hopkinson pressure
bar at ~ 1000/s and ~ 2600/s when compared to AISI304 stain-
less steel and IN718 alloys in quasi-static conditions (107 s/,
10257}, and 107! s71) [11]. Due to this exceptional mechanical
properties, Al; ; CoCrFeNi-HEAs is believed to be a substitute
to the currently available commercial high-temperature alloys
in some critical high-temperature applications [12].

As welding is a prime fabrication process for manufactur-
ing huge structures in aerospace, automobile, power plants
and chemical industry applications, weldability studies on
HEA is necessary to make sure its applicability [12-15].
Some preliminary weldability studies have already been con-
ducted on the similar welding of CoCrFeNiMn-HEA [16]
and Al,CoCrFeNi HEAs [17-22]. Overall reviews suggest
that the CoCrFeMnNi-HEA and Al,_,_o¢ CoCrFeNi-HEAs
are weldable, while Al s CoCrFeNi-HEAs are susceptible
to solidification cracking. However, fabrication of structural
parts sometimes requires dissimilar welding (DW) between
different alloys to make the design simpler (and to reduce
the cost), especially when the structures are exposed to vary-
ing service conditions [23-25]. Hence study on dissimilar
welding between HEA and commercially available structural
alloys (stainless steels, nickel-base superalloys, titanium alloys,
etc.,) is vital for preparing most economic and reliable struc-
tures. Generally, localized abnormal thermal cycles and sub-
sequent fast cooling rates during welding could change the
microstructure and the composition locally [26]; hence, the
mechanical and electrochemical properties of the weld joint
could vary from that of base materials. Further, DW could
result in the formation of hard and brittle intermetallic com-
pounds especially when welded autogenously [26]. Nam et al.
has welded HEAs with different processing conditions (as-cast
and as-rolled conditions) by laser welding and found evolu-
tion of columnar dentritic grains epitaxially and strength of

the dissimilar weld joint is comparable with the as-cast HEA
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as it fails at as-cast HEA [27]. Sokkalingam et al. have exam-
ined dissimilar weld joint between Al; ,CoCrFeNi-HEA and
AISI304 stainless steel by gas tungsten arc welding (GTAW)
[28] and electron beam welding (EBW) [29] processes. Both
joints show evolution of columnar grains from the weld inter-
faces with formation of unmixed zone at the AISI304 stainless
steel side. Further the joint prepared with GTAW has shown
transition from columnar grains to equiaxed grains, while that
prepared by EBW shows only columnar grains due to narrow
weld bead size. Bridges et al. have laser brazed Inconel 718
alloy with NiMnFeCoCu-HEA and found that the bonding
strength is good when brazing temperature is below the liq-
uidus temperature [30]. However, dissimilar joining of HEA
with Inconel 718 with scope of introducing HEA as structural
material is not available in the literature so far. Hence, with
the view of using HEA in high-temperature structural appli-
cations like aero-engine structural components, an investi-
gation has made on the dissimilar joint fabricated between
high-entropy alloy and Ni-based superalloy (i.e., Inconel 718)
by gas tungsten arc (GTA) welding process. Further, the study
mostly focuses on the microstructure evolution and the result-

ant mechanical properties changes.

Macrostructure

The macrostructures of the weldment are given in Fig. 1 a and
b. The photograph of the rear side of the fabricated joint is also
presented as an inset in Fig. 1b. These figures ascertain that the
chosen GTAW parameters enabled the production of a dis-
similar autogenous butt joint with full penetration in a single
pass. Small pores with an average size of ~20 pum are observed
in the weld fusion zone (Fig. 1b). Other than this, the weld
does not show the presence of any weldability issues like the
solidification cracking and heat-affected zone (HAZ) cracking.
The highlighted regions (marked by the rectangles) in Fig. 1b
were studied to analyze the evolution of the micro-texture and
microstructure along the weldment. As the weld bead is wider
due to higher heat input imparted during the GTA welding pro-
cess, the EBSD scanning was executed in two halves, as shown
in Fig. 1c-f. As observed by Eghlimi et al. [31] and Chu et al.
[32], the weldment in the present work also reveals the presence
of varying microstructures and micro-textures in the different
regions (base metals, BMs and fusion zone, FZ). Like typical
welds, this dissimilar weld joint (DW) is also characterized by
regions such as FZ, HAZ, and BMs with distinct microstructures
and clear delineating interfaces on both sides. X-ray diffraction
(XRD) patterns have been extracted from different regions of
the weldment say base metals (IN718 and HEA) and the weld

fusion zone for the phase identification as in Fig. 2. The grain
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Figure 1: (a) and (b) Macroscopic view of the dissimilar weld joint under stereo microscope and scanning electron microscope (BSE mode) showing
base metals and weld fusion zone with distinct fusion line at interfaces and inset of (b) shows bottom view of fabricated dissimilar weld showing full
penetration; (c) and (d) Inverse pole figure (IPF) and (e) and (f) image quality maps of OIM of areas marked in 1 (b) comprising the HEA-BM, HHAZ and

weld fusion zone and IN718-BM, IHAZ, UZ and weld fusion zone.

size distribution along the different regions of weldment evalu-
ated from the EBSD data by the intercept method by excluding
annealing twins is given in Fig. 3. Further, the high magnifica-
tion images at the different zones of the weldments are shown in
Fig. 4. The EDS spot analysis corresponding to the matrix, sec-
ondary phase, and precipitates in the weld fusion zone (FZ) and
the EDS line analysis across the fusion lines were analyzed, and
the results are presented in Fig. 5 and Tables 1 and 2. The statis-

tical data, such as misorientation angles and Coincidence Site

© The Author(s) 2021

Lattice (CSL) boundary fractions at different regions extracted
from the EBSD data, are given in Fig. 6.

Phase analysis

The XRD patterns of the base metals (HEA and IN718) and
the dissimilar weld are presented in Fig. 2. The presence of a
single-phase FCC crystal structure is observed for the HEA. The
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Figure 2: XRD patterns for base metals (HEA and IN718) and dissimilar
weld.

XRD peaks corresponding to only y-FCC austenitic phase could
be noticed in IN718 and the absence of §-phase peaks could
be the effect of heat treatment. From the XRD pattern, it can
be observed that the weldment also shows the presence of the
single-phase FCC crystal structure. No other phases (like the
intermetallic phases) were present in the solidified weld metal.
However, the microstructural analysis of the weld showed the
presence of the NbC and the Nb-rich Laves phases (will be dis-
cussed in the upcoming section) indicating that the fraction of
these phases is very less to be detected by the X-ray diffractom-
eter. The crystal size of BMs (HEA and IN718) and weldment

were estimated to be 13.8 nm, 18.6 nm, and 39 nm, respectively,

by using Williamson-Hall analysis [33].

Microstructural analysis

Base metal

The microstructures of the base metals viz, HEA, and IN718 pre-
sented in Fig. 1c and d show typical equiaxed austenitic grains
with annealing twins. Such annealing twins form in the FCC
alloys with low stacking fault energy during the recrystalliza-
tion process [17]. It can be seen from Fig. 3 that the HEA and
IN718 have an average grain size of about ~ 27 pm and ~ 95 pm,

respectively.

Weld interfaces

The interfaces between the HEA and the weld metal (IF-1), and
the weld metal and IN718 (IF-2) are shown in Figs. l1c-f and
4a, b. It is evident from Figs. 1c, e and 4a that the columnar
grains grow epitaxially from the partially melted grains in the
BM (along the side of HEA) at IF-1. The epitaxial growth in
the weld metal during welding is possible in dissimilar welding
when the BM and the weld have a similar chemical composi-
tion and the same crystal structure [26]. The epitaxial growth
ensures strong metallurgical bonding at the IF-1[28]. However,
at IF-2, non-epitaxial growth of grains has been observed along
with 0.15 mm thick fine-grained unmixed zone (UZ), which is
shown in Figs. 1d, fand 4b. It is obvious from Fig. 1d that the UZ

region has a Type II grain boundary (as indicated by an arrow)

Grain size (microns)

(c) Bl WELD FZ

Gaussian fit of Weld FZ |

T —— ——
20 40 60 80 100 120 140 160 180 200 220
Grain size (microns)

80 100 120 140 160

220

(f) 200 4 |EZZ Crystallite size in nm
180 [ Grain size in mm

160 4
140 4
1204
100

0.30 0.30
(a) [ er (b) " [mmes
0.25 | L Gaussian fit of HEA | 0.25.|(=_— Gaussian fit of HHAZ |
s
S 0.20 % 0.20
= 15
] s
s &
& 015 © 0.154
© O
e <
< 0.10
0.054
0.00
0 20 40 60 80 100 120 140 160 0 20 40 60
Grain size (microns)
0.30 0.30
(d) [ HAZ e = IN718
— — Gaussian fit of IHAZ | — — Gaussian fit of IN718
0.25 ) 0.25"
\
[
S 0.20- | K S 0.20]
° 1 K B
o
& \ g
s 015 &= 0154
3 ! \ ©
- o
< ! \ Z
0.10 - | \ 0.104 p
! \
N
0.05 ks 0.054 &
g N
N
. 0.00 } } .
0 20 40 60 80 100 120 140 160 0 20 40 60

Grain size (microns)

Grain size (microns)

80 100 120 140 160  0-L

Region of study

Figure 3: Grain size distribution in BMs (HEA (a) and IN718 (e)), corresponding HAZs (HHAZ (b) and IHAZ (d) and weld FZ (c) and variation of crystal size

and average grain size in BMs and weld (f).
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Figure4: SEM micrographs of (a) IF-1 interface, (b) and (c) IF-2 interface in lower and higher magnification, (d) unmixed zone (UZ) and (e) and (f) weld

fusion zone in lower and higher magnification.
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Figure 5: EDS line analysis of (a) IF-1 and (b) IF-2 interfaces.
TABLE1: Chemical composition (wt Region under
%) of HEA, IN718, weld and UZ of . X
dissimilar weld. study Al Si Cr Fe Co Ni Nb Mo
HEA 0.89 - 23.48 25.05 25.56 23.28 - -
Weld 1.78 0.47 22.54 21.70 9.65 40.15 241 1.26
uz 0.85 0.18 19.85 20.01 5.19 45.65 5.47 2.78
IN718 0.57 0.061 19.84 19.95 0.26 50.89 5.59 25

and Type I boundary. Type II boundary is discontinuous and
runs parallel to the interface. However, Type I boundary runs
perpendicular to the interface from the partially melted grains
in the BM (along the IN718 side). Zhou et al. have reported that

the UZs are more susceptible to cracking as well as corrosion

© The Author(s) 2021

than the BMs and the weld [34]. Besides, the presence of Type
I and Type II high-angle grain boundaries makes these regions
more susceptible to stress corrosion cracking [35]. Adjacent
to UZ, the presence of the partially melted zone (PMZ) can
be noticed, as shown in Fig. 4c. PMZ could form by the grain
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TABLE2: Chemical composition of

- K R Region
distinct features in unmixed zone
(UZ) and weld fusion zone (FZ) under study  Features Cr Fe Co Ni Nb Mo C
uz NbC 4.2 3.6 - 7.5 61.7 - 23.0
Grayish platelets 19.3 18.7 - 483 74 - 6.3
Interdendrites (IDR) 13.8 143 - 45.0 173 - 9.5
Matrix 16.8 16.4 - 449 338 24 15.7
FZ NbC 10.5 57 - 233 432 - 17.1
Interdendrites (IDR)/Laves 12.9 13.9 10.1 343 233 - 5.5
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Figure 6: (a) Misorientation angle distribution in BMs (HEA and IN718) and weld FZ and (b) and (c) CSL boundary distribution in BMs (HEA and IN718)

and weld FZ respectively.

boundary wetting as a consequence of constitutional liquation.
Also, PMZ is susceptible to liquation cracking, which can act as
a crack initiator under load and deteriorate the ductility of the
weldment [26].

In the magnified image of UZ. (Fig. 4d), dispersion of a col-
ony of white precipitates, grayish platelets, and dendritic phases
in the matrix are apparent. The elemental compositions obtained
from the EDS analysis conducted on these precipitates/phases
are given in Table 2. It confirms that the white precipitates corre-
spond to NbC phase, and the grayish platelets and interdendritic
(IDR) phases correspond to the Nb-rich eutectic Laves phase.
Such occurrence of Laves is very common in the welds of IN718
[36]. Knorovsky et al. have found that the solidification path
in IN718 superalloy is initiated with the formation of Chinese
script like y/NbC phase and ended with y/Laves eutectic reac-
tions [37]. It is inferred from Fig. 4d that the grayish platelets
(Nb-rich Laves phase) would have formed underneath the NbC
precipitates during solidification. Also, in the IDR region, the
Laves phases have formed around the NbC precipitate. Hence,
the colonies of NbC precipitates and Laves formation at UZ fol-
low the L— y/NbC + L and subsequent L— y + Laves eutectic
reactions and is in line with the IN718 alloy solidification con-
cept proposed by Knorovsky et al. [37]. Though, the fraction of
austenite stabilizing Ni is more in the weld metal, a marginal
increase in the concentration of other elements (such as Fe and
Cr) promotes the Laves phase formation. The formation of NbC

©The Author(s) 2021

and Laves phase is due to the partial solubility of Nb and Mo
in the y-austenitic matrix. Besides, the diffusion of Nb into the
matrix after solidification is limited by its lower diffusivity [23].
Generally, the interstitial carbon has higher diffusivity compared
to the other substitutional alloying elements and exhibits a ten-
dency to migrate from the region of higher Cr concentration
to the region of lower concentration [24]. The EDS results in
Table 1 show that the concentration of Cr decreases from HEA
to IN718 across the weld. Carbon atoms in the molten weld
pool migrate from the weld metal with a high Cr concentration
toward IN718. Hence, the migration of C from Cr-rich weld
metal to Cr-deficient IN718—BM leads to the formation of colo-
nies of NbC precipitates in the UZ.

The NbC and Laves phase at the UZ provides the sites for
heterogeneous nucleation and increase the constitutional super-
cooling for further growth of the dendritic columnar grains. As
UZ is formed by the phenomenon of direct re-melting and solid-
ification of the BM without any dilution, it is expected to possess
a similar composition of BM [34]. The EDS line maps of the five
elements of HEA along with Nb and Mo from IN718, whose
segregation decides the structure of the weldment, are given in
Fig. 5. The line mapping from IN718 to UZ shows significant
variations in the elemental distribution of Nb and Mo, while
the other elements are nearly equally distributed. It indicates
that the matrix in the UZ has a composition similar to IN718-
BM, while the sudden hike in Nb and Mo denotes the presence
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of NbC and Laves phase in this region. The EDS analysis of the
weld metal (Table 1) suggests that the weld is virtually similar
in the composition of HEA, while the composition of IN718
does not match that of the weld metal. Since the weld metal and
BM have the same crystal structure, and similar chemical com-
position [26], the IF-1 shows the presence of epitaxial growth.
On the other hand, though BM (IN718) and weld are of the
same crystal structure in IF-2, the apparent chemical inequality
restricts the epitaxial growth with the formation of narrow UZ.

Weld fusion zone

The grains in the FZ that grow from the weld interfaces are
coarser than that of the BMs and respective HAZs (Figs. 1c-f
and 3). The coarsening of the grain in FZ follows the same
trend as the crystal size evaluated from the XRD pattern
(Fig. 3f). However, the extent of coarsening is more pro-
nounced on the IF-2 side than the IF-1 side. This predomi-
nant coarsening of columnar grains adjacent to the IF-2
interface could be attributed to the extensive lateral growth
of the dendritic substructures in favorably oriented grains in
non-epitaxial mode than the grains with epitaxial growth.
The columnar grain growth along the weld direction from
these interfaces is the result of the steep temperature gradient
that exists along the weld direction as the welding torch shifts
its position continuously. These columnar grains are reported
to form through competitive growth mechanisms as den-
drites [38]. Unlike in the BM, the welding results in coarser
and elongated grains in the weld metal. Such grain coarsening
in FZ is a common phenomenon in the welding of materials
[26] and could deteriorate the mechanical property of the
weld joint. The average grain size at the FZ center is observed
to be around 100 pm. It is a well-known phenomenon that
the grain growth in FZ during solidification of the weld pool
always follows the easy growth direction, i.e., <001> direction
for FCC and BCC structured alloys [26]. However, EBSD-
Orientation Imaging Microscopy (OIM) images show that the
grain orientation deviates from <001> direction to random
grain orientations, which is similar to the observations made
by Wu et al. [16].

The magnified image (Fig. 4e) of the columnar grain in
the FZ reveals the dendritic substructures with the segre-
gation of NbC and Nb-rich Laves phase along IDR in the
matrix. The EDS spot analysis at these phases is given in
Table 2. Such secondary phase segregation in FZ is attributed
to the lower solubility and slow diffusion kinetics of Nb in
the austenitic matrix. It is evident from Fig. 4d and e that the
fraction of NbC precipitates at the weld center are less and
discrete. Since the weld center is the last region to solidify in
the weld, the formation of NbC in UZ and FZ at the vicin-
ity of UZ depletes the Nb and C content in the remaining

©The Author(s) 2021

weld pool. Hence, the consumption of a significant amount
of Nb and C at UZ for NbC and Laves formation reduces the
fraction of NbC in the weld center. Though the Laves phase
in the weld and UZ has a nearly similar chemical composi-
tion, the Laves phase in the UZ is formed from the terminal
solution without Co content. This indicates that the Co from
HEA has not diffused to the UZ. The fusion zone etched with
10% oxalic acid at high magnification reveals the presence of
solidification grain boundary (SGB) formed by the intersec-
tion of the group of dendritic substructures (Fig. 4f). The
higher probability of solute segregation at the SGB makes
the weld vulnerable to solidification cracking. Even though
some studies suggest that the NbC dispersion in weld metal
improves creep resistance at high-temperature [39], the seg-
regation of precipitation strengthening elements (Nb, Al, and
Ti) [40] toward IDR could weaken the matrix and reduce the
strength of both weld FZ and UZ. In addition, the presence
of NbC and Laves phases could increase the possibility of hot
cracking susceptibility and may reduce the ductility of the
weld [39]. Hence, grain coarsening coupled with segregation
could deteriorate the mechanical properties as a consequence
of a reduction in grain boundary strengthening and an early
crack initiation at pores, NbC, and the brittle Laves phases

during plastic deformation.

Heat affected zone

By close analysis of Figs. 1c—f and 4a, b, it is obvious that the
HAZ along the HEA side (HHAZ) has experienced a significant
grain growth with the presence of a substantial amount of twins.
However, the HAZ is associated with the PMZ along the IN718
side (IHAZ) evidenced no such grain coarsening. However,
the grain boundary liquation is apparent in the PMZ (Fig. 4c).
Owing to the heavy lattice distortion and sluggish cooperative
diffusion in the HEA, it shows poor thermal conductivity com-
pared to the IN718. The HAZ in the material with lower thermal
conductivity would dwell at a higher temperature for a longer
duration compared to the HAZ of the material with higher con-
ductivity [31]. The prolonged exposure of the grains above its
recrystallization temperature could assist grain growth by the
static partial recrystallization phenomenon. At the same time,
in a material with a single-phase in the absence of secondary
phases, there is no restriction for such growth. The presence of
annealing twins in HHAZ substantiates the occurrence of static
partial recrystallization of grains during the heating cycle.

Grain boundary distribution and misorientation

Figure 6a shows the distribution of grain misorientation angle
in various regions of the weldment, such as; BMs, HAZ, UZ,
and FZ. Grain boundaries can be categorized as a low angle
grain boundary (LAB), medium angle grain boundary (MAB),
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and high-angle grain boundary (HABs) based on the misori-
entation angle [31]. The grain boundaries with misorientation
angle (0) less than 5°, in-between 5° and 15° and, 15° and 180°
are classified as LABs, MABs, and HABs, respectively. Accord-
ing to Palumbo-Aust’s criterion (A0 =15° 25/6) [41], HABs are
further categorized as the coincident site lattice or special twin
boundary (3 <X <29) and random high-angle grain boundaries
(RGBs) [31]. The number fractions of primary twins (£3) and
corresponding higher-order twins having ¥3n values, where
n> 1 for the BMs (HEA and IN718) and the weld are presented
in the Fig. 6b, c.

Analyzing the misorientation distribution (Fig. 6a) and CSL
grain boundary distribution (Fig. 6b, ¢) of FZ and BMs carefully,
it can be concluded that the weld metal shows more fraction
of RGBs due to as-cast microstructure [42], while both HEA
and IN718 demonstrate special CSL twin boundary character.
HEA base metal reveals a significant fraction of LABs (sub-grain
boundaries) corroborates the static and dynamic recrystalliza-
tion of the grains during hot forging (Fig. 6a). The occurrence
of a certain amount of X9 boundaries in the HEA and IN718
grains indicates the presence of the marginal amount of inco-
herent twins. However, FZ shows higher fraction of £5 coinci-
dence boundaries as a result of grain growth (Fig. 1c-f). Wang
et al. have demonstrated that these X5 coincidence boundaries
are more mobile than other CSL boundaries [43]. Since more
residual strain could be concentrated at the FZ during solidifica-
tion as a consequence of weld shrinkage, the RGB fraction in the
weld (as represented by Ma et al. [44]) is very high compared to
the BMs. Higher boundary energy in RGBs catalyzes the seg-
regation of solutes such as NbC and Laves. The evolution of
continuous random boundary networks around coarse grains
with a reduced fraction of CSL boundaries after welding may

alter their mechanical properties [32].
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The microhardness survey across the weld presented in Fig. 7a
shows that the hardness of FZ is higher than that of the HEA and
marginally lower than that of IN718. A sudden hardness drop
is observed at the HHAZ and is attributed to the coarse grain
structure. Mortezaie and Shamanian have also found such a
reduction in the hardness values in the coarse HAZ of austenitic
stainless steel when welded to nickel-base alloys [23]. However,
the hardness at IHAZ is higher than that of the base metals. The
noticed higher hardness values of IHAZ are due to the presence
of the NbC precipitates, as shown in Fig. 5. The transverse tensile
test results of BMs and the weldment are presented in Fig. 7b.
Yield strength (YS) and ultimate tensile strength (UTS) of IN718
are observed to be 647 MPa and 1350 MPa, respectively, with
the ductility of 89%, while the same of HEA is 502 MPa and
735 MPa, respectively with the ductility of 37%. The strength
of the HEA is higher than the strength of the earlier reported
HEAs in the homogenized condition [17]. This could be attrib-
uted to the Hall-Petch strengthening in the present HEA, where
the grain refinement is observed compared to the homogenized
counterpart, as reported by Wu et al. [45]. However, the tensile
strength of the weldment is lower than that of HEA and IN718.
The tensile sample of the dissimilar weld failed at the weld center
(inset in Fig. 7b). The YS and UTS of the dissimilar weld joint are
443 MPa and 644 MPa, respectively, with a ductility of 21%. The
reduction in the strength of the dissimilar Al,;CoCrFeNi-HEA/
IN718 weld joint is attributed to the coarse-grained structure at
the FZ compared to the BMs. Further, the possible earlier crack
initiation at pores, SGBs and, brittle NbC and Laves phases in
the coarse weld metal grains could have caused the fracture in
the weld, associated with a reduction in ductility [41].

The fractography images of the fractured tensile samples of
the BMs and the weld are presented in Fig. 8a—c respectively.

The HEA sample failed in a transgranular mode; the fracture
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Figure7: (a) Microhardness Survey across the dissimilar weld joint. (b) Engineering stress—strain curves for BMs (HEA and IN718) and dissimilar weld
joint with macroscopic picture of fractured sample showing the fracture occurrence at the weld and (c).

©The Author(s) 2021

www.mrs.org/jmr

January 2022

Issue 1

Volume 37

Journal of Materials Research

279



N

Journal of
MATERIALS RESEARCH

Cleavage.,
o facets

4 ‘ ~
A N
*:‘Scml(ga’?y
S b L,

Cracks

Cleavage
tearing

Figure8: SEM fractographs of tensile fracture surfaces of base metals (a) HEA and (b) IN718 and dissimilar weld joint.

surface also exhibits deeper elongated dimples along the grain
boundaries. In addition, along with the micro and macro voids,
both secondary cracking and smooth surface are observed due
to cleavage fracture. Such secondary cracking and smooth cleav-
age in the fracture surface could adversely affect the ductility
by rapid crack initiation and propagation [46]. However, in
the case of IN718, the fracture surface reveals the fine fibrous
dimples due to micro void growth, indicating that IN718 has
experienced significant plastic deformation before failure [47].
A quasi-cleavage fracture with river line markings in addition to
dimples structure is noticed in the fracture surface of the weld
metal. The quasi-cleavage mode of fracture in the weld metal
is due to the presence of hard secondary phases like NbC and
Laves phases along the SGBs and interdendrites in the coarse
columnar grains. This secondary phase could initiate the crack
leading to crack propagation and causing a reduction of ductility
in the weld metal.

Finally, the weld efficiency of the dissimilar weld joint was
calculated as ~ 88% by comparing the strength of the weld (o)
to the BM with a lower strength (o) as a reference, where, the
dissimilar weld joint efficiency, n=(oy)/01)*100%. Comparing
the weld joint strength with the recent works on similar [16] and
GTAW of HEA and HEA/stainless steel joints [27, 28], the pre-
sent joint shows better strength than the similar CoCrFeMnNi-
HEA and dissimilar Al ; CoCrFeNi-HEA/AISI304 stainless steel

© The Author(s) 2021

welds produced with GTAW. The results prove the possibility
of fabricating dissimilar Al ,CoCrFeNi-HEA/IN718 weld joint
by the gas tungsten arc welding process. However, the fracture
at the weld zone is not recommended if the structural part is
designed by considering the properties of base metal with a
lower strength (say HEA). Hence, the following techniques are
recommended to improve the weld joint strength; (i) by using
appropriate filler metals [23-25], (ii) grain refinement in the
weld metal by electromagnetic arc oscillation [36], or (iii) by
selecting suitable welding processes that can produce narrow
weld bead [26].

Conclusions

The results of the present study lead to the following outcomes:

e The Al,;CoCrFeNi—HEA is amenable for dissimilar weld-
ing with IN718 by GTA welding, and a sound dissimilar weld
joint can be produced.

e In GTA welding of Al,;CoCrFeNi—HEA to IN718, the
epitaxial growth of columnar dendritic grains occurs at the
HEA-weld interface as the chemical composition of the weld
is close to Al,;CoCrFeNi—HEA composition. However,
unmixed zones with a dispersion of large fractions of NbC
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followed by columnar dendritic coarse grain, are observed
along with the IN718 weld interface. Also, the weld center
reveals the presence of discrete NbC/Laves phases.

® The presence of a high fraction of random high-angle
boundary (RGBs) with high grain boundary energy encour-
ages the segregation of the NbC/Laves phases. Further, the
higher concentration of residual strains along RGBs pro-
motes early crack initiation.

e The dissimilar joint weld efficiency is calculated as ~88%
in comparison with HEA base metal. YS and UTS of the
weldment are 443 MPa and 644 MPa, respectively. Fracture
occurrence at the weld fusion zone is attributed to the coarse
grains and the presence of the hard phases like NbC and
laves along with SGBs in the weld fusion zone. The weld
metal has exhibited a mixed ductile and brittle fracture
mode with reduced ductility.

Al ,CoCrFeNi-HEA and IN718 alloys with a thickness of
2 mm were considered as the base metals (BM) for the pre-
sent study. Al,,CoCrFeNi-HEA was fabricated through a
vacuum arc melting technique, as mentioned in earlier stud-
ies [18-20]. Elements (Al, Co, Cr, Fe, and Ni) in the form
of pellets, having a purity higher than 99.5%, were used for
alloy preparation. The alloy thus obtained was re-melted at
least 4-5 times to ensure compositional homogeneity. The
resultant button type sample (~7 mm thick) was homog-
enized (at 1050 °C for 60 h with subsequent furnace cool-
ing) [18, 19] and drop forged (at ~ 700 °C) to a thickness of
2.5 mm followed by surface grinding to reduce the thickness
to 2 mm. Finally, the 2 mm thick Al, ,CoCrFeNi-HEA was
annealed (at 1050 °C for 2 h with subsequent furnace cool-
ing) and was used as one of the base materials. A coupon
of dimension 25 mm x 250 mm x 2 mm was extracted using
wire-EDM cutting from the as-received IN718 alloy and was
heat-treated at 900 °C for one hour and subsequently cooled
in the atmospheric air. The test coupons were mechanically
polished before welding.

An autogenous dissimilar butt welding between HEA and
IN718 was carried out with a mechanized GTA weld setup.
The welding was performed with the welding parameters;
voltage, current, and heat input of 10 V, 50 A, and 180 J/mm,
respectively, at a traverse speed of 100 mm/min. The micro-
structure of the weld joint was observed under a stereomicro-
scope and a scanning electron microscope (SEM). X-ray dif-
fractograms were obtained from the Ultima III, Rigaku, X-ray
diffractometer with Cu-Ka radiation at an operating voltage
of 40 kV and a current of 30 mA. The scans were ranging
between 20° to 90°, and the measurements were carried out

in steps of 0.05°. The micro-texture of the transverse section

©The Author(s) 2021

of the weldment was studied by using Electron Backscatter
Diffraction (EBSD). The reference coordinates used for the
scanning are fixed as normal direction (ND), weld metal fill-
ing direction/thickness direction (FD), and welding direc-
tions (WD), as mentioned in Fig. 1. Energy-dispersive X-ray
spectroscopy (EDS) was employed to study the elemental dis-
tribution across the weldment. Microhardness survey on the
surface perpendicular to the welding direction on the surface
of the weld was performed under an applied load of 500 g.
Tensile tests on the BMs and the dissimilar weld joints were
conducted at a strain rate of 107%/s on micro tensile samples
extracted with the dimensions given in the schematic diagram

shown in Fig. S1 (Supplementary Figure).
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