
Optics & Laser Technology 180 (2025) 111427

0030-3992/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Research Note 

Dissimilar laser welding of an as-rolled CoCrFeMnNi high entropy alloy to 
Inconel 718 superalloy 

D. Afonso a, J.G. Lopes b,c,*, Y.T. Choi d, R.E. Kim d, N. Schell e, N. Zhou c, H.S. Kim d,f, J. 
P. Oliveira a,b,* 

a CENIMAT/I3N, Department of Materials Science, Faculty of Sciences and Technology, Universidade NOVA de Lisboa, Caparica 2829-516, Portugal 
b UNIDEMI, Department of Mechanical and Industrial Engineering, NOVA School of Science and Technology, Universidade NOVA de Lisboa, Caparica 2829-516, 
Portugal 
c Centre of Advanced Materials Joining, Department of Mechanical & Mechatronics Engineering, University of Waterloo, 200 University Avenue West, Waterloo, Ontario 
N2L 3G1, Canada 
d Graduate Institute of Ferrous Technology, POSTECH (Pohang University of Science and Technology), Pohang 790-794, South Korea 
e Institute of Materials Physics, Helmholtz-Zentrum Hereon, Max-Planck-Str. 1, Geesthacht D-21502, Germany 
f Advanced Institute for Materials Research (WPI-AIMR), Tohoku University, Sendai 980-8577, Japan   

A R T I C L E  I N F O   

Keywords: 
CoCrFeMnNi 
Inconel 718 
High entropy alloys 
Laser welding 
Synchrotron X-ray diffraction 

A B S T R A C T   

In this work, dissimilar laser welding between an as-rolled CoCrFeMnNi high entropy alloy (HEA) and Inconel 
718 Ni-base superalloy was successfully performed. Defect-free joints with a tensile strength of 822 MPa and a 
fracture strain of 7.1 % were obtained. The microstructural analysis was conducted using scanning electron 
microscopy (SEM), electron backscattered diffraction (EBSD), energy-dispersive X-ray spectroscopy (EDS) and 
high energy synchrotron X-ray diffraction (SXRD), complemented by thermodynamic calculations using the 
CalPhaD methodology. Mechanical assessment of the joints was conducted via microhardness mapping and 
tensile testing, allowing to unveil processing-microstructure-properties relationships. Although the precipitation 
of the Laves phase was identified within the fusion zone, our results reveal the excellent dissimilar weldability 
between the two alloys, allowing the deployment of this dissimilar material pair for structural applications.   

High entropy alloys (HEAs) are novel class of materials known for its 
revolutionary way to enable new alloy compositions significantly 
different from those commonly used in conventional engineering alloys 
[1]. Among the several HEAs that have already been discovered, the 
equiatomic CoCrFeMnNi HEA, also known as the Cantor alloy, stands as 
the first HEA to have been reported [2,3]. Throughout the years, the 
CoCrFeMnNi alloy has shown remarkable properties depending on its 
processing conditions. The interesting properties associated to these 
materials include high strength at extreme temperatures [4], notable 
wear resistance [5] and excellent corrosion resistance [6]. 

The advancements on CoCrFeMnNi-based HEAs research further 
potentialize its integration in key engineering applications. Further
more, such premise can be accomplished by studying the weldability of 
HEAs, since the possibility of using them to create complex structures is 
very appealing to industry and welding is a widely used technique for 

such endeavor [7–9]. On this topic, literature shows that an effort to 
understand (and control) the metallurgical changes occurring in the 
CoCrFeMnNi HEA during welding have already been conducted in both 
similar [10–14] and dissimilar combinations [15–22]. As such, in this 
work, we study the weldability of a dissimilar laser welded joint be
tween an as-rolled CoCrFeMnNi alloy and Inconel 718 Ni-based super
alloy by detailing its microstructure and unraveling its mechanical 
behavior. 

The choice of Inconel 718 to be coupled to the CoCrFeMnNi HEA is 
based on its high strength and corrosion resistant characteristics which 
makes it a competitive choice for several industrial sectors such as 
aerospace, gas turbines, and oil & gas [23–26]. In this regard, our results 
address the lack of comprehension regarding the compatibility of the 
CoCrFeMnNi alloy with Inconel 718 which, to the best of the authors 
knowledge, has not been addressed to this point in the literature. 
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For such, as-annealed Inconel 718 plates with a thickness of 1.5 mm 
were acquired from McMaster-Carr, while an as-rolled equiatomic 
CrMnFeCoNi high entropy alloy was fabricated from commercially pure 
elements and subjected to a thickness reduction of ≈50 % via cold- 
rolling (to a final thickness of 1.5 mm). Both materials were then cut 
via wire electron discharge machining to obtain 30 × 30 mm coupons 
which were used for laser welding. 

Given this, the laser welding procedure was performed using a 
Miyachi Unitek LW50A pulsed Nd:YAG laser system, with a wavelength 
of 1.064 μm. A spot diameter of 600 μm and a peak power of 1.0 kW 
were used to obtain full penetration. Corresponding to a power density 
of ≈3.54 kW/mm2 (calculated through the ratio between the peak 
power and the area of the beam [27,28]). The pulse profile had a 
duration of 10 ms, including 2 ms of up- and downslopes. Argon gas was 
applied at a flow rate of 0.57 m3/h, to create a protective atmosphere 
surrounding the joint. A butt joint configuration was used. 

For microstructural analysis, the joint cross section was analyzed 
using a JEOL JSM-7800F PRIME high-resolution field emission SEM 
equipped with backscattered electrons (BSE) and energy-dispersive X- 
ray spectroscopy (EDS) detectors. Electron backscatter diffraction 
(EBSD) analysis was performed using a FEI XL- 30S FEG SEM. Phase field 
mapping predictions using EDS data retrieved from the fusion zone (FZ) 
were calculated using the Scheil-Gulliver model available in Thermo
Calc [29] software, with the TCHEA5 database. Additionally, the full 
extension of the weld was scanned from one base material (BM) to the 
other using high energy synchrotron X-ray diffraction (SXRD), 

performed at the P07 beamline at PETRAIII/DESY. The beam spot size 
was set to 150 × 150 μm, with a 150 μm distance between consecutively 
analyzed spots. The X-ray beam had an energy of 87.1 keV (corre
sponding to a wavelength of 0.14235 Å) and the sample-to-detector 
distance was 1.365 m. The raw data was integrated using PyFAI [30] 
and analyzed using in-house developed python-based scripts. 

To inspect the (local) mechanical properties, microhardness map
ping was performed using a Mitutoyo Micro Hardness Testing Machine 
HM-112, with an indentation load of 300 g held for 10 s. The space 
between consecutive indentations was set to 125 µm in the longitudinal 
and transverse directions. Tensile testing was conducted on an Auto
graph Shimadzu AG50kNG machine, equipped with a 50 kN load cell at 
a 0.01 mm/s cross-head speed. Three repeats were performed to assess 
the joints reliability. The fracture surfaces were then analyzed using a 
Hitachi SU8000 SEM. 

Fig. 1 depicts SEM imaging coupled with EBSD maps acquired from a 
representative cross section of the welded joint between Inconel 718 and 
the CoCrFeMnNi base materials (BMs). As observed, full penetration 
with no defects such as cracks or pores was obtained, potentially indi
cating a good weldability between the two alloys. 

Comparing both BMs, the Inconel 718 BM has an average grain size 
of ≈15.1 ± 1.4 μm, while in the case of the CoCrFeMnNi HEA, the highly 
deformed condition of the grains hiders the acquisition of the Kikuchi 
patterns, inhibiting the quantification of grain size on this side (see 
Fig. 1e)). However, previous work on the same BM revealed that the 
CoCrFeMnNi HEA possessed pancake-shaped grains with an average 

Fig. 1. Microstructure of the welded joint: a) SEM macrograph of the welded joint and corresponding EBSD IPF maps of the transition from the HAZ to the BM (b) 
and transition from the FZ to the HAZ (c) and detailed view of the HAZ (d); e) SEM micrograph of the BM; f) EDS maps the along the full extension of the welded joint. 
Additional detailed view and corresponding EDS maps of: g) NbC precipitates on the Inconel 718 BM and h) Cr-Mn oxides on the Cantor HEA BM. 
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grain size approaching ≈2 μm [19]. 
Going closer from each of the BMs to the FZ, the heat affected zones 

(HAZ) arise. The HAZ is often associated with solid state transformation 
phenomena, such as grain growth and recrystallization, due to the 
relatively high temperatures (below complete melting) experienced by 
the material [31]. However, laser welding is known for its high cooling 
rates and reduced heat source dimensions resulting in a narrow HAZ 
extensions, which when associated to the different thermal conductiv
ities of each BMs, may result in disparities in both grain size and shape of 
the HAZ on each side of the FZ. Such is the case in the present dissimilar 
welded joint. On the Inconel 718 side, the HAZ possesses an average 
grain size of ≈16.4 ± 0.8 μm and an extension of ≈265 ± 22 μm. On the 
CoCrFeMnNi side, as it is possible to observe in Fig. 1c), the transition 
from the BM to the FZ is made evident, where a relatively shorter HAZ 
can be observed (≈195 ± 33μm μm), with the grain size reaching values 
up to ≈4.5 ± 0.9 μm. Additionally, the differences in HAZ extension can 
also be related to the varying thermal conductivity values of both BMs 
with temperature. In fact, at temperatures under ≈900 ◦C, the thermal 
conductivity of the CoCrFeMnNi HEA tends to be slightly lower than that 
of the Inconel 718 BM, as calculated based on the compositions available 
in Table 1 and ThermoCalc software (refer to the Supplementary Ma
terial for the variation of thermal conductivity for both BM with 
temperature). 

Attention is now directed to the FZ, where both BM experienced full 
melting and mixing during welding. Given the dissimilar nature of the 
BMs, this region presents itself as the most prone to generate interme
tallic compounds that can hinder the overall performance of the joint. In 
the present case the shape of the FZ highlights a keyhole welding mode, 
where the length of the FZ is larger than its width. A keyhole FZ is caused 
by the high energy laser density applied on the interface of both mate
rials to achieve full penetration [15]. Focusing on the inverse pole figure 
(IPF) map in Fig. 1c), the color displayed by the FZ present itself with a 

red tone indicating grain orientation in the 〈001〉, which indeed cor
responds to the easy growth direction of FCC materials [32,33]. 

Furthermore, EDS maps taken across the welded joint are displayed 
in Fig. 1f). Comparably, the Cr and Fe maps showcase that the amount of 
each of these elements is similar in both BMs and in the FZ. The same 
does not occur for the other elements, where evidently Co and Mn are 
present in higher amount in the HEA side, while Ni is more evident on 
the Inconel 718 BM. Such agrees with what is known from the elemental 
contents of both BMs. Qualitatively, the FZ showcases the presence of all 
the aforementioned elements, although exhibiting a lower amount of Co 
and Mn than the HEA BM, and a lower amount of Ni than the Inconel 
718 BM. This occurs due to a dilution effect induced by melting and 
mixing of the two BMs. It is, nonetheless, obvious that the Ni content in 
the FZ is higher than in the HEA BM. The average composition of both 
BMs and the FZ is detailed in Table 1. 

Fig. 2a) displays the results obtained by consecutively probing the 
full extension of the welds using SXRD. This enabled to highlight the 
differences occurring in the diffraction patterns (obtained via full 
azimuthal integration) due to the varying microstructure across the 
joint. 

Regarding phase identification, it is possible to see that both BMs are 
composed of a FCC matrix phase. Furthermore, consistent with Fig. 1g) 
and h), the presence of Mn-Cr oxides on the CoCrFeMnNi HEA and NbC 
precipitates in the Inconel 718 BM is also noticeable throughout the 
diffraction patterns. It is however, in the FZ, that the existence of a Laves 
(C14) intermetallic phase is visible (refer to Fig. 2b)), indicating that the 
FZ is not composed of a simple FCC solid solution, as it would be ex
pected from HEAs given their often inherent solid solution effect [34]. 

To further investigate the phases present within the joint, CalPhaD- 
based thermodynamic calculations were performed using the non- 
equilibrium Scheil-Gulliver methodology, as shown in Fig. 2d) and e). 
For such, a consecutive series of EDS point measurements were gathered 
along the red dashed lines marked in Fig. 2d). These compositional data 
points where then used to obtain the temperature interval between the 
moment when the Liquid phase starts to solidify and when it reaches a 
total phase fraction of 0.01 %, and number of phases present at the final 
stages of solidification. By analyzing this data, it is possible to perceive 
that regarding the BMs, the Cantor HEA side is only expected to exhibit a 
single FCC phase, while the Inconel 718 superalloy showcases a total of 
three phases within its microstructure, these being the matrix FCC 

Table 1 
Average chemical composition of Inconel 718 and CoCrFeMnNi BMs and the FZ, 
obtained via EDS, considering the elements detailed in Fig. 1.  

Composition (at%) Co Cr Fe Mn Ni Nb 

Inconel 718 ≈0  22.5  19.8 ≈0  54.5 2.8 
CoCrFeMnNi 20.1  21.6  19.3 19.0  20.0 — 
FZ 13.4  22.0  19.5 11.3  32.7 1.0  

Fig. 2. Phase identification and distribution across the welded joint: a) Superimposition of the SXRD patterns along the whole extension of the weld; b) repre
sentative SXRD pattern of the FZ; c) CalPhaD-predicted phase distribution at the top of the joint, which is located in d), alongside with the e) phase distribution 
prediction at the middle of the joint. 
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phase, a Laves (C14) phase and an orthorhombic D0a phase (also known 
as δ phase [35]) rich in both Nb and Ni. This D0a structure, however, was 
not identified via SXRD, which can be explained by the fact that the of 
Nb content comes from the precipitates that are visible in Fig. 1g) and 
Fig. 2a). 

It is in the FZ that these calculations are more relevant, as it is this 
region that undergoes fast and non-equilibrium solidification conditions 
due to the laser welding process, compounded by the complex mixing of 
the original BMs. As such, in the two measured lines it is possible to 
perceive that the mixture between the compositions of both alloys re
sults in a higher solidification temperature range (approximately 
300 ◦C) than the two dissimilar bulk BMs. Such differences in compo
sition can be qualitatively viewed in Fig. 1f), and allow to perceive a 
higher risk for solidification cracking to occur in FZ, although no such 
defects were observed in the present joints. 

Furthermore, considering the number of phases generated in the FZ 
upon the final stages of solidification, it can be observed that only two 
phases are formed, these being an FCC phase and a Laves (C14). These 
results are compliant with the phase identification using SXRD shown in 
Fig. 2a). Interestingly, in Fig. 2d), one single point indicates the for
mation of three phases, where the third phase corresponds to the D0a (δ) 
phase structure. This indicates that the local composition in this region is 
closer to the Inconel 718 BM, possibly due to elemental segregation or 
molten pool dynamics associated with the Marangoni effect [36]. 
Nevertheless, going further into the evenly dispersed Laves (C14) phase 
on both the FZ and Inconel 718 BM, the literature indicates that the Nb 
content (which has a higher atomic radius) is critical in its formation in 
Inconel 718 [37,38]. Such allows us to assume that the same factor can 
be expected in the FZ. 

Additionally, observing the maximum peak intensity values in 
Fig. 2a) (corresponding, in this case, to the peak height) of the FZ, the 
influence of the different grain size and morphology between both BMs 
is demonstrated. In fact, while the more refined CoCrFeMnNi BM ex
hibits a constant intensity distribution with increasing distance from the 
FZ, the Inconel 718 side exhibits a higher variability on the maximum 
intensity values. Nevertheless, a deeper insight on the effect of grain size 

and structural defects on the SXRD data will be provided further ahead 
in Fig. 3 when considering the full width at half maximum (FWHM) 
variation of the (311) diffraction peak. 

As such, the evolution of the FWHM of the (311) peak was obtained 
by integrating from 10◦ segments along the 0◦ and 90◦ azimuthal angles, 
corresponding to the welding direction and the direction perpendicular 
to it (refer to [10] for more details on the SXRD experimental proced
ure). These results are shown in Fig. 3. This was performed since the 
FWHM relates the broadening effect on the diffraction peaks caused by 
the combined influence of the internal strains, imposed by structural 
defects (such as dislocations and stacking faults) and the size of the sub- 
grain structures, which diffract light coherently within a grain and are 
often referred to as crystallites [31]. Due to the possibility of imperfect 
alignment between these sub-grain structures due to residual stresses, 
radiation is reflected on a divergent but nearby 2θ angle, causing the 
diffraction peaks to broaden, thus affecting peak width. A higher value 
of FWHM, thus translates to a superior level of structural defects and/or 
to smaller sized sub-structures within the grains. Given this, analysis of 
this parameter along the joint can help understand the microstructural 
variations caused by the process heat input. In this case, although each 
peak will have its own preferred orientation after solidification of the 
molten pool, which is reign by epitaxial and competitive grain growth, 
we only display the distribution of the (311) peak FWHM due to its 
insensitivity to intergranular strains [32]. 

As it is possible to observe the FWHM variation on the Inconel 718 
BM is ≈2.8 times lower than the FWHM displayed in the CoCrFeMnNi 
BM. Such agrees with the microstructural condition of both BMs high
lighted in Fig. 1a), where the Inconel 718 is in the annealed condition 
and the CoCrFeMnNi HEA is in the as-rolled condition. Between the two 
BMs, the gradual increase in FWHM from the Inconel 718 to the CoCr
FeMnNi side evidences the structural modifications in terms of grains 
morphology, size and structural defects that occurs in both the HAZs and 
the FZ. Furthermore, it can, once again, be evidenced that the extension 
of the HAZ is larger in the Inconel 718 side, reaching 0.8 mm indicating 
that the effects of the high temperatures on the HAZ are larger than 
those observed by SEM. 

Fig. 3. a) FWHM variation of the (311) diffraction peak measured on the 0◦ and 90◦ azimuthal angles along the welded joint. b) Comparison between the diffraction 
data obtained on the FZ and both BM, obtained by integrating in 1◦ segments along the azimuthal angle. 
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On a different note, the 2θ angle peak distribution of the (311) peak 
in regard to the azimuthal angle can be observed in Fig. 3b), which was 
obtained by integrating the raw diffraction data into 1◦ segments. For 
the Inconel 718 case, the consistent distribution of the peaks along the 
full azimuthal range indicates a relatively stress-free condition of this 
BM. The same, however, cannot be said regarding the CoCrFeMnNi BM, 
as it clearly shown that the diffraction peak distribution showcases a 

preferential orientation towards the 90◦ and 270◦ angles, which are 
aligned with the rolling process direction to which the HEA was sub
mitted prior to welding, thus evidencing a strong texture effect caused 
by it. 

Finally, the FZ evidences a similar diffraction peak distribution to the 
Inconel 718 BM throughout the azimuthal range, indicating that upon 
solidification the (311) grains of the FZ do not evidence any preferential 

Fig. 4. a) Microhardness distribution along the welded joint and b) corresponding microhardness distribution measured at mid height.  

Fig. 5. a) Representative stress–strain curve of the welded joint tensile and macroscopic view of the fracture surface (b); c) and d) are representative stress–strain 
curves for the rolled CoCrFeMnNi and annealed Inconel 718 BMs, respectively. e) and f) corresponding to detailed views of the macroscopic fracture surface shown 
in b). 
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orientation, probably due to the fast-cooling rate of laser welding which 
restricts the formation of large and highly aligned grains, as opposed to 
arc-based processes. 

With the microstructural condition of the welded joint highlighted, 
the next step is to evaluate how the local mechanical response of the 
weld is affected by the microstructure changes imposed by the weld 
thermal cycle. For such, Fig. 4 displays the variation in microhardness 
along the joint. While Inconel 718 (in the as-annealed condition) reaches 
values surrounding 208 ± 12 HV0.3, the microhardness of the CoCr
FeMnNi BM goes up to 343 ± 9 HV0.3, as a result of the impact on of the 
high dislocation density induced by the cold rolling process. Interest
ingly, despite the fact that the grain size of the FZ should produce the 
lowest microhardness values on the joint, the solid solution effect 
granted by the mixture between the two BMs causes intermediate 
microhardness values between the two BMs (and above that of as-cast 
CoCrFeMnNi HEA) to occur in this region, yielding a microhardness of 
approximately 220 ± 35 HV0.3. 

A representative stress/strain curve for the dissimilar joint is shown 
in Fig. 5a) alongside with the tensile curves of the BMs (see Fig. 5c) and 
d)). The yield strength (YS), ultimate tensile strength (UTS) and fracture 
strain values for both BMs and dissimilar joint are summarized in 
Table 2. 

Comparing both BMs, it is possible to observe that the CrMnFeCoNi 
HEA achieves higher stress levels than the Inconel 718, while exhibiting 
significantly lower fracture strain values. Additionally, considering the 
tensile properties of the welded joints, it can be observed that its UTS 
reaches intermediate values between the two BMs, however showcasing 
the lowest elongation to fracture amongst all cases. This can be 
explained by the fact that the chemical composition of its FZ is a com
bination of the two BMs (see Fig. 1f)), thus allowing the joints to sustain 
similar levels of stress, which is in line with the hardness distribution in 
the welded joints. On the other hand, such can also explain the lower 
elongation to fracture exhibited by the joints, which can be further 
hindered by the presence of Laves (C14) particles in the FZ. 

Regarding the fracture surface, Ni-based superalloys and CrMnFe
CoNi HEAs commonly fail by ductile fracture processes [10,11,24,25]. 
However, from Fig. 5b), e), and f) the fracture surfaces present them
selves as a mixture of ductile and brittle-like fracture presented by the 
dimples and rivers patterns in the analyzed regions. Such is granted by 
the relatively smaller grains and the presence of intermetallic phases of 
the FZ. Given this, although the main fracture mechanism is ductile, the 
presence of the Laves (C14) phase may contribute to the embrittlement 
of the joint. Such indicates the relatively lower plastic deformation 
tolerance of the welded joint, although exhibiting excellent mechanical 
properties for a dissimilar joint. 

Overall, dissimilar laser welding between an as-rolled CoCrFeMnNi 
HEA and Inconel 718 was successfully accomplished. Analysis of the 
microstructure allowed to unveil the microstructural differences be
tween both BMs and the features arising on the HAZ and FZ due to the 
high temperatures developed during laser welding. Interestingly, the 
nucleation of a Laves (C14) phase was observed by means of SXRD and 
confirmed by CalPhaD simulations. Regarding the mechanical behavior, 
the FZ exhibited an intermediate microhardness level between both 
BMs, due to the combined effect of varying grain morphology and the 
compositional mixture between the BMs. Tensile testing indicated that 

the welded samples could endure stresses up to ≈822 ± 63 MPa even
tually fracturing at strain of ≈7.1 ± 0.4 %, showcasing their potential 
use as part of structural components. 
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