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� Gas tungsten arc welding was used to
join an as-cast AlCoCrFeNi2.1 eutectic
high entropy alloy.

� No welding defects were observed.
� Synchrotron X-ray diffraction,
electron microscopy and
thermodynamic calculations used to
evaluate the joint microstructure.

� The fusion zone exhibits the highest
hardness due to a refined
interlamellar thickness.

� The welded joints present a good
strength/ductility balance.
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The AlCoCrFeNi2.1 eutectic high entropy alloy is of great interest due to its unique mechanical properties
combining both high strength and plasticity. Here, gas tungsten arc welding was performed for the first
time on an as-cast AlCoCrFeNi2.1 alloy. The microstructural evolution of the welded joints was assessed
by combining electron microscopy with electron backscatter diffraction, synchrotron X-ray diffraction
analysis and thermodynamic calculations. Microhardness mapping and tensile testing coupled with dig-
ital image correlation were used to investigate the strength distribution across the joint. The base mate-
rial, heat affected zone and fusion zone are composed of an FCC + B2 BCC eutectic structure, although the
relative volume fractions vary across the joint owing to the weld thermal cycle. The BCC nanoprecipitates
that existed in the base material started to dissolve into the matrix in the heat affected zone and closer to
the fusion zone boundary. Compared to the as-cast base material, the fusion zone evidenced grain refine-
ment owing to the higher cooling rate experienced during solidification. This translates into an increased
hardness in this region. The joints exhibit good strength/ductility balance with failure occurring in the
base material. This work establishes the potential for using arc-based welding for joining eutectic high
entropy alloys.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
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1. Introduction

High entropy alloys were first discovered independently by Yeh
et al. [1] and Cantor et al. [2] in 2004. Their revolutionary design
concept escaped from typical engineering alloys with only one or
two principal elements and used at least five principal elements,
each with an atomic content varying between 5 and 35 at. %. Four
‘‘core effects” are commonly attributed to high entropy alloys: the
high entropy effect [1], the lattice distortion effect [3], the sluggish
diffusion effect [4], and the cocktail effect [5].

A literature review considering the past 18 years reveals that
the two most widely studied high entropy alloys are the single-
phase FCC CoCrFeMnNi high entropy alloys, also known as the Can-
tor alloy [6,7] and the single-phase BCC AlCoCrFeNiTi alloy [8].
However, it is now well accepted that focusing only on single-
phase alloys usually hinders the development of both high
strength and ductility. In order to overcome this strength-
plasticity barrier, Lu et al. [9] developed the AlCoCrFeNi2.1 eutectic
high entropy alloy with a dual phase (ordered L12 FCC and B2 BCC
phases), which provided both high strength and high ductility.
Resulting from breaking the strength/ductility paradigm, it was
hypothesized that the eutectic AlCoCrFeNi2.1 alloy could replace
some high temperature alloys [10] and other engineering alloys
[11] used in low temperature environments.

Fusion-based welding is a key joining method where part of the
material is melted, enabling the fabrication of complex-shaped
structures. Fusion-based welding technologies have significant
potential value for future application-oriented research and tech-
nological developments linked to the discovery of new structural
materials. Therefore, assessing the weldability of these new mate-
rials is critical.

Up to now, studies on AlCoCrFeNi2.1 eutectic high entropy alloys
have mainly focused on their as-cast or heat treated states, study-
ing their preparation process [6,12] and resulting properties
[13,14]. The welding metallurgy and weldability of the
AlCoCrFeNi2.1 eutectic high entropy alloy has been studied scar-
cely, especially in the context of microstructure evolution and
resulting mechanical properties in both the heat affected and
fusion zones. Owing to the characteristics of fusion-based welding,
namely the non-equilibrium solidification conditions, as well as
the existence of fast heating and cooling cycles and high peak tem-
peratures, can lead to the formation of unexpected phases or
unwanted microstructural features.

Past studies that have addressed the weldability of the
AlCoCrFeNi2.1 eutectic high entropy alloy, primarily concentrated
Fig. 1. a) Schematic representation of the experimental setup used for gas tungsten arc w
affected zone; FZ: fusion zone.
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on solid-state welding methods such as rotary and friction stir
welding [15,16] and diffusion joining [17,18]. Moreover, only one
work has focused on fusion-based welding [19]. Zhang et al. [19]
used laser beamwelding for joining the AlCoCrFeNi2.1 eutectic high
entropy alloy, obtaining good mechanical properties. Although
laser welding has significant technical advantages, such as high
productivity and small heat source dimensions, the high initial
capital investment required for this technology can be detrimental
for its implementation in industry. In contrast, gas tungsten arc
welding, which is based on arc-based technology, is a low-cost
alternative capable of achieving sound joints with good mechanical
performance and appearance for multiple engineering alloys. Cur-
rently, the body of knowledge on the processability of the eutectic
AlCoCrFeNi2.1 alloy is missing the understanding of the material
weldability using gas tungsten arc welding, which is a low-cost
welding process for multiple industries including in the aerospace
and oil & gas fields.

To bridge the aforementioned gap in literature, the as-cast
AlCoCrFeNi2.1 eutectic high entropy alloy was welded by gas tung-
sten arc welding for the first time in this work. The microstructural
evolution of the welded joints was investigated using light optical
microscopy, scanning electron microscopy aided by electron
backscatter diffraction analysis, high energy synchrotron X-ray
diffraction and thermodynamic simulations. Additionally, uniaxial
tensile testing coupled with digital image correlation and micro-
hardness mapping were used to evaluate the mechanical proper-
ties of the welded joints. The microstructural evolution and
resulting mechanical properties were systematically evaluated,
unveiling the correlation between processing, microstructure and
mechanical properties.
2. Experimental procedures

2.1. Materials

Commercially pure Al, Co, Cr, Fe, Ni (99.9 wt% for Al, Co and Ni
and 99.5 wt% for Cr and Fe) were used to cast the AlCoCrFeNi2.1
eutectic high entropy alloy base material used in this work. Casting
was performed using vacuum induction melting, with the ingot
being remelted multiple times to ensure good chemical homogene-
ity. The dimensions of the sheets to be welded were 74 � 25 � 1.
5 mm3. Before welding, the surface oxidation was removed by
mechanical polishing, then ethanol and acetone were used to clean
the resulting surface.
elding; b) Macrograph of the welded joint (face side). BM: base material; HAZ: heat
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2.2. Gas tungsten arc welding

For studying the weldability of the as-cast AlCoCrFeNi2.1 eutec-
tic high entropy alloy, gas tungsten arc welding was used. To min-
imize oxidation of the fusion zone and heat affected zone, 99.99 %
pure Ar at a flow rate of 16 ml/min was selected as the shielding
gas. The gas was injected at both the face and root of the weld to
protect both sides of the joint, as schematically detailed in Fig. 1
a). Butt joints were obtained using the optimized welding param-
eters detailed in Table 1. To further investigate the microstructure
and mechanical properties of the as-cast AlCoCrFeNi2.1 eutectic
high entropy alloy after welding, electrical discharge machining
(EDM) was used to prepare specimens, as shown in Fig. 1 b).
2.3. Microstructure characterization

For microstructural characterization, the welded joint was
mounted in epoxy resin and sequentially ground, polished and
etched using conventional metallographic preparation techniques.
Table 1
Gas tungsten arc welding parameters for the as-cast AlCoCrFeNi2.1 eutectic high entropy a

Current
[A]

Voltage
[V]

Welding speed
[mm/min]

30 8 125

Fig. 2. Synchrotron X-ray diffra

3

For exposing the microstructure, an etching solution composed of
hydrochloric acid and nitric acid (3:1 in volume) was used for
15 s. A Leica DMI 5000 M inverted optical microscope was used
for light optical microscopy. Scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDS) were used for
more detailed microstructural characterization using a FEI Quanta
200 environmental scanning electron microscope at the Micro-
scopy Research Facility (MRF) at the University of North Texas
(UNT), Denton, USA. In addition, electron backscatter diffraction
(EBSD) was employed to study the crystallographic orientation
and existing phases on a FEI Nova NanoSEM 230 with EDAX Hikari
Super EBSD. TSL OIM Analysis 7.2 software was used to analyze the
raw EBSD data.

High energy synchrotron X-ray diffraction was used to identify
the phase structure evolution throughout the welded joint. The
synchrotron experiments were performed at the P07 High Energy
Materials Science beamline of PETRA III at DESY. LaB6 powder
was used for the calibration of the instrument parameters, and to
determine the sample-to-detector (of 1226 mm). A monochro-
lloy.

Shielding gas Gas flow gas
[L/min]

Heat input
[J/mm]

Argon 16 115.2

ction setup (not to scale).
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matic X-ray beam with an energy of 87 keV, corresponding to a
wavelength of 0.14235 Å, was used, with a beam size of
200 lm � 200 lm. A schematic representation of the setup used
is shown in Fig. 2. In transmission mode, the X-ray beam scans
through the base material (BM), the heat affected zone (HAZ), the
fusion zone (FZ), until it reaches the base material on the other side
of the weld. The distance between consecutively analyzed spots
was of 200 lm. A two-dimensional PerkinElmer fast detector
was used to collect the Debbye-Scherrer rings. After the acquisition
of the 2D images, post-processing of the raw data was performed
using Fit2D [20], HighScore Plus software [21], and the Rietveld
refinement was performed using MAUD [22].

2.4. Thermodynamic calculations

Thermodynamic calculations based on the CalPhaD method
were used to predict how the weld thermal cycle affects the phase
evolution and elemental partitioning in the fusion zone. Owing to
the non-equilibrium solidification conditions experienced by the
fusion zone, the Scheil-Gulliver model was used in ThermoCalc
with TCHEA 5.1 HEA database. The experimental results were then
compared with the predicted results for analyzing the reliability of
the thermodynamic calculations, and for providing reference for
further improvements on currently existing thermodynamic
databases.

2.5. Microhardness and mechanical testing

Microhardness mapping across the welded joints was per-
formed on a Mitutoyo HM-112 Hardness Testing Machine with a
load of 300 N, duration of 10 s, and a distance of 200 lm between
consecutive indentations. Uniaxial tensile testing was performed
along with digital image correlation (DIC) on a Shimadzu tensile
Fig. 3. Light optical microscopy micrographs of the as-cast AlCoCrFeNi2.1 welded joint: a)
of the base material (BM)), heat affected zone and fusion zone near the boundary (HAZ
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machine equipped with a 50 kN load cell. The dimensions of the
dog-bone specimens are detailed in Fig. 1 b). Tensile tests were
performed at room temperature, at a strain rate of 1 � 10-3 s�1,
with the loading direction perpendicular to the welding direction.
Before testing, the specimens were prepared for DIC by applying a
random black speckle pattern over a previously painted matt white
surface. Data analysis was performed using Vic-2D software. At
least three specimens were used to assess the reproducibility of
the tensile data after welding. After tensile testing, a Hitachi
SU3800 scanning electron microscope was used to observe the
fracture morphology of the welded specimens.
3. Results and discussion

3.1. Optical and electron microscopy

Fig. 3 a) provides a cross-sectional view of the welded joint,
while Fig. 3 b), c) and d) show the light optical microscopy images
of the base material, heat affected zone and fusion zone, respec-
tively. Fig. 3 e), f) and g) present detailed higher magnification elec-
tron microscopy images of the same regions. The different regions
of the joints, i.e., base material, heat affected zone and fusion zone,
in Fig. 3 b), c) and d), respectively, can be clearly distinguished due
to differences in microstructure. From Fig. 3 a), it can be observed
that the joint has full penetration without evidence of welding
defects such as pores or solidification cracking.

Further observation of the microstructure of the three represen-
tative regions is detailed next starting with the base material (refer
to Fig. 3 b) and e)). This region is mainly composed of ordered B2
BCC phase as well as of disordered FCC phase, as shown by the
arrows marked in Fig. 3 e). The contrast in color between the white
and dark phases corresponds to the FCC and B2 BCC phases, respec-
tively, which occurs due to elemental partitioning between both
overview of the weld cross-section; b) and e), c) and f), d) and g) are close-up views
/FZ), and fusion zone (FZ), respectively.
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phases as confirmed by other researchers focusing on this alloy
system [23–25]. In the magnified view (refer to Fig. 3 e)), it can
be observed that the base material contains both well-aligned
and irregularly shaped lamellar structures.

The next region of interest corresponds to the heat affected
zone (detailed in Fig. 3 c) and f)), which experiences temperatures
high enough to promote solid-state transformations. Compared to
the initial eutectic microstructure in the base material, the FCC and
B2 BCC phase structures are still observed. Moreover, the morphol-
ogy of the eutectic structure remained unchanged. As documented
later, changes induced at this region by the weld thermal cycle
impact the nanoscale precipitates that can form in the
AlCoCrFeNi2.1 alloy.

The fusion zone experiences full melting, followed by a rela-
tively fast and non-equilibrium solidification. The microstructure
development in this region will largely depend on the alloy chem-
istry and how sensitive the material is to the off-equilibrium con-
ditions of fusion-based welding processes [26,27]. The fusion zone
microstructure is detailed in Fig. 3 d) and g), and it can be observed
that the lamella thickness of the FCC and B2 BCC phases shows a
significant refinement, i.e., the lamella structure becomes thinner.
This difference in the lamellar thickness is related to the solidifica-
tion conditions experienced during casting and welding: in casting
the cooling rate is slower, which enables the development of rela-
tively thicker lamellae, while the opposite occurs in arc-welding
processes, where the higher cooling rate allows achieving a refined
microstructure. The current observations coincide with the recent
work of Zhang et al. using laser welding on the same alloy [19]. In
addition, in the fusion zone boundary (refer to Fig. 3 c) and f)), a
refined grain structure is observed owing to the faster cooling rates
enabled by the colder heat affected zone that act as a substrate
from where solidification progresses toward the weld centerline.
This is in good agreement with the solidification theory of metals
[27–29], where grain growth tends to occur in an epitaxial mode
along the direction opposite to the maximum temperature gradi-
ent at the solid/liquid interface, proceeding to the center of the
fusion zone and having certain preferential orientations during
solidification.

A more detailed crystallographic analysis of the welded joint
microstructure was performed using EBSD, as detailed in Fig. 4.
Owing to the large size of the fusion zone and taking advantage
of the microstructure symmetry along the weld centerline, the
Fig. 4. Electron backscattered diffraction images of the Al
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EBSD map was performed only in part of the fusion zone and only
on one side of the heat affected zone and base material. From Fig. 4,
it can be determined that during the rapid cooling of the fusion
zone, the grains of FCC and B2 BCC phases have different preferred
growth directions, growing along the (101) and (001) directions,
respectively. This seems inconsistent with the preferential growth
along the (100) direction of cubic materials, but it is widespread in
AlCoCrFeNi2.1 eutectic high entropy alloys [30,31]. This can be
attributed to the fact that the eutectic high entropy alloy does
not cross different phase regions during cooling [9]. Further obser-
vations reveal that the fusion zone is still dominated by an eutectic
lamellar structure in the welded joint (see Fig. 3 g)), indicating that
the solidification rate in the fusion zone is insufficient to enable the
AlCoCrFeNi2.1 eutectic high entropy alloy to release itself from the
eutectic growth. This is similar to the results previously reported
by Zheng et al. [32] regarding the effect of different cooling rates
on the solidification path of the as-cast AlCoCrFeNi2.1 eutectic high
entropy alloy, where different cooling rates significantly affected
the solidification path. Moreover, depending on the potential com-
position changes in the fusion zone, the solidification microstruc-
ture may not be completely lamellar, but composed of FCC
primary dendrites and of an FCC + B2 BCC eutectic structure (refer
to Fig. 3 f), g) and associated insert). The former is attributed to the
competitive grain growth mechanism occurring during solidifica-
tion [33], while the latter is attributed to the cooling conditions
experienced during welding. This aspect will be further detailed
when analyzing the thermodynamic calculations.

It should be mentioned here that the above electron microscopy
images did not reveal the presence of any precipitates due to lim-
itation of resolution, although they exist, as it will be shown with
the synchrotron X-ray diffraction data. In other words, the inability
to detect these precipitates is related to their very low volume frac-
tion and size. In addition to this, with EBSD it is not possible to dis-
tinguish between the disordered BCC and ordered B2 BCC phases,
as they have the same crystallographic parameters. However, upon
the use of high energy synchrotron X-ray diffraction both phases
can be clearly distinguished, as will be detailed after.

To further elucidate the effect of welding thermal cycle on the
thickness of the lamellae in the three different regions of the
welded joint (base material, heat affected zone and fusion zone),
Nano measurer 1.2 software was used. The average calculations
are listed in Table 2.
CoCrFeNi2.1 eutectic high entropy alloy welded joint.



Table 2
Average interlamellar thickness evolution of eutectic FCC and B2 BCC phases in the
welded joint of the as-cast AlCoCrFeNi2.1 eutectic high entropy alloy (BM: base
material; HAZ: heat affected zone; FZ: fusion zone).

Region Average interlamellar thickness [lm]

FCC phase B2 BCC phase

BM 3.27 ± 0.44 1.66 ± 0.57
HAZ 2.85 ± 0.36 1.95 ± 0.22
FZ 0.62 ± 0.18 0.25 ± 0.07
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Comparing the eutectic lamellar thickness of the base material,
heat affected zone and fusion zone, significant changes can only be
observed in the fusion zone against the other two regions. Wani
et al. [34] found that when the as-cast AlCoCrFeNi2.1 eutectic high
entropy alloy was treated at different annealing temperature
between 800 and 1200 �C (heat treatments that would partially
correspond to the heat affected zone of the welded joint), there
was no significant coarsening of the grains after annealing com-
pared to the as-cast specimens due to slow diffusion and dual
phase morphology of the eutectic high entropy alloy. Upon enter-
ing the fusion zone, the lamellar thickness of the FCC phase
decreased to 0.62 ± 0.18 lm, while for the B2 BCC phase it
decreased to 0.25 ± 0.07 lm. As detailed above, this refined grain
Fig. 5. EDS mapping of the as-cast AlCoCrFeNi2.1 eutectic high entropy alloy

Table 3
Chemical composition of the base material and fusion zone (at.%).

Region Elements (at.%)

Al Co

Base material (Nominal) 16.39 16.
Base material (Averaged measured) 11.18 13.
Fusion zone (Averaged measured) 9.0 19.

6

structure is attributed to the faster cooling rate in the fusion zone
compared to that experienced by the cast base material [35,36].

To clarify the effect of the weld thermal cycle on the partition-
ing of elements in the fusion zone, EDS mapping of the constituent
elements (Al, Co, Cr, Fe and Ni) was performed as shown in Fig. 5.
The nominal composition of the base material, as well as the aver-
age measured composition of the base material and fusion zone are
further detailed in Table 3. It should be mentioned that the EDS
results show that the proportion of the elements in the base mate-
rial deviates from the alloy design, especially for Al, this being
attributed to its low melting point element and its partial burning
during the casting process.

In the base material and heat affected zone, the FCC phase is
mainly enriched in Co, Cr, and Fe, but depleted in Al and Ni. In
opposition, the B2 BCC phase is mainly depleted in Co, Cr, and Fe,
but abundant in Al and Ni, which is in line with previous works
as detailed in [24,34]. Since among the constituent elements of
the AlCoCrFeNi2.1 eutectic high entropy alloy, Co, Cr, and Fe have
a similar atomic radius and strong chemical compatibility, they
have the tendency to form the disordered FCC phase [37], while
the Al-Ni atomic pair has the largest negative mixing enthalpy,
thus preferentially combining to form a Ni-Al type ordered B2
BCC phase [38]. Comparing the elemental maps obtained in both
the heat affected zone and base material, it can be concluded that
joint: a) Base material; b) across the fusion zone and heat affected zone.

Cr Fe Ni

39 16.39 16.39 34.44
02 15.72 18.19 41.89
31 15.08 17.12 39.36
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the welding peak temperature and duration in the former region is
not enough to promote significant chemical differences between
the major phases that exist in the material.

In the fusion zone, however, some changes exist. According to
the theoretical model of Jackson and Hunt for rapid eutectic
growth [39], the rapid solidification rate induced during welding
can prevent the elemental partitioning and thus homogenize the
material elemental composition, which is consistent with the
recent work on laser welding of the same AlCoCrFeNi2.1 eutectic
high entropy alloy [19].

The nominal composition of the base material and that mea-
sured by EDS details key differences (refer to Table 3). It should
be noted that the chemical composition given for the fusion zone
is the average of multiple points taken across the fusion zone.
The most significant difference concerns the loss of Al in the fusion
zone, which is related to the significantly lower boiling (2519 �C),
vapor pressure (100 kPa) and vaporization heat (293 kJ/mol). It
should be also mentioned that preferential loss of Al due to the
high temperatures experienced by the melt pool will also be
location-dependent: at the joint centerline, where the temperature
is the highest, an increased Al loss is expected. Resulting from this
Fig. 6. Individual synchrotron X-ray diffraction patterns of the AlCoCrFeNi2.1 eutectic hig
material (HAZ1); c) heat affected zone near the fusion zone (HAZ2) and d) fusion zone
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Al loss in the fusion zone, there is some chemical redistribution of
the remaining elements leading to an overall increase on the Co
and Ni content in the fusion zone when compared to the as-cast
base material.

3.2. High energy synchrotron X-ray diffraction

The microstructure of welded joints is strongly dependent on
the peak temperature and cooling rate experienced by the material
during welding. Moreover, the peak temperature and cooling rate
varies with the distance to the center of the fusion zone [40]. To
further support the above microstructure characterization, syn-
chrotron X-ray diffraction was used to comprehensively analyze
the phase structure evolution across the joint, including identifica-
tion of precipitates and secondary phases. Representative individ-
ual diffraction patterns for each region are detailed in Fig. 6 a), b),
c) and d), representing the base material (BM), heat affected zone
near the base material (HAZ1), heat affected zone near the fusion
zone (HAZ2) and fusion zone (FZ), respectively. The lattice param-
eters of the different phases identified across the welded joint are
detailed in Table 4.
h entropy alloy joint in: a) base material (BM); b) heat affected zone near the base
(FZ).



Table 4
Refined lattice parameters from base material (BM), heat affected zone near the base material (HAZ1), heat affected zone near the fusion zone (HAZ2) and fusion zone (FZ) of the
gas tungsten arc welded AlCoCrFeNi2.1 eutectic high entropy alloy as obtained from high energy synchrotron X-ray diffraction.

Region Phases

FCC B2 BCC BCC L12 FCC r

BM a = 3.5702 Å a = 2.8594 Å a = 2.8431 Å a = 3.5574 Å a = b = 8.1768 Å; c = 5.0185 Å;
a = b = c = 90�

HAZ1 a = 3.5705 Å a = 2.8592 Å a = 2.8430 Å a = 3.5571 Å a = b = 8.1761 Å; c = 5.0187 Å;
a = b = c = 90�

HAZ2 a = 3.5714 Å a = 2.8587 Å – a = 3.5693 Å a = b = 8.1683 Å; c = 5.1702 Å;
a = b = c = 90�

FZ a = 3.5701 Å a = 2.8593 Å – a = 3.5573 Å a = b = 8.1771 Å; c = 5.0179 Å;
a = b = c = 90�
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The phase identification from the high energy synchrotron X-
ray diffraction data presented in Fig. 6 a) indicates that the base
material consists of the main phases that compose the lamellar
(FCC and B2 BCC phases), as well as nanosized L12 FCC, disordered
BCC and r phases, as expected when the material is in the as-cast
state [23].

The base material and heat affected zone close to the base
material (HAZ1) possess all the same five phases: the FCC + B2
BCC phases that compose the eutectic microstructure, as well as
nanoscale BCC, L12 FCC and r phases. This is in good agreement
with previous transmission electron microscopy work performed
by Choudhuri et al. [23], where all these phases were identified
except the r phase. Although the r phase was not identified in
[23], the DFTEM results indicate that, besides the cluster-like L12

FCC nanosized phase, there still existed speckle-shaped precipi-
tates in the L12 FCC matrix phase, with Choudhuri et al. not provid-
ing a specific phase identification for these specks. In combination
with the results of the synchrotron data phase identification of the
present work, it can be confirmed that these diffusely distributed
speckle-like precipitates can be the now identified as r phase.

When approaching the heat affected zone towards the fusion
zone (HAZ2), no evidence of the BCC phase was noticed suggesting
its dissolution into the material matrix owing to the higher tem-
peratures experienced by this region during the welding process.
The absence of this phase upon cooling to room temperature sug-
gests that the cooling rate is not low enough to allow the precipi-
tation of this phase as it occurs in the as-cast base material. The
presence of this nanosized BCC phase in the as-cast AlCoCrFeNi2.1
eutectic high entropy alloy is most likely due to the spinodal
decomposition originating from compositional modulations in
the B2 BCC phase matrix [34,41]. Wani et al. [34] found that water
quenching after annealing at 800 �C was sufficient to completely
dissolve the nanosized BCC phase in the B2 BCC matrix while
studying the effect of aging heat treatments on the same
AlCoCrFeNi2.1 eutectic high entropy alloy. This is consistent with
the complete dissolution of the BCC phase observed in the HAZ2
region of the welded joint in the current work.

In the fusion zone, the detected phases include the FCC and B2
BCC phases that compose the eutectic microstructure, as well as
L12 FCC and r nanosized phases. The previously observed disor-
Table 5
Volume fraction evolution of the FCC, B2 BCC, disordered BCC, L12 FCC andr phases across t
optical micrographs.

Phase volume fraction [%]

Phases FCC B2 BCC

Method MAUD ImageJ MAUD ImageJ

Region BM 62.69 61.93 33.60 38.07
HAZ1 64.40 61.46 34.08 38.54
HAZ2 57.79 56.47 41.73 43.53
FZ 86.62 84.06 12.79 15.94
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dered BCC phase is now absent, indicating that the solidification
and cooling conditions experienced by this region of the joint pre-
vented this phase to form.

It is important to mention here that the (100) superlattice
reflections of the B2 BCC and L12 FCC phases detected by syn-
chrotron X-ray diffraction data provide clear evidence for the
ordered structures of these FCC and BCC phases. Indeed, these
results are in good agreement with previous transmission electron
microscopy work, where the same superlattice reflections were
observed [23]. Besides this, there are additional diffraction peaks
such as (110) and (210) in the ordered FCC phase compared to
those of the disordered FCC phase, as marked in Fig. 6. This is easily
identified using synchrotron data, but is rarely reported in TEM
characterization results.

The lattice parameters of the two matrix phases (FCC and B2
BCC) in the base material region obtained by Rietveld refinement
are in good agreement with the data previously reported by
Lozinko et al. [42], while the lattice constants of the nanosized
phases (B2 BCC, L12 FCC andr) are detailed for the first time in this
work. Comparing the evolution of the lattice parameters of the FCC
and B2 BCC phases, it can be observed a decrease towards the
fusion zone for the later and the opposite behavior for the former.
Since no distortion of the welded joints was observed, this behav-
ior is the way for the material to accommodate the thermal strains
that occur during welding. In fact, the maximummicrostrain calcu-
lated for the welded joint occurs in the heat affected zone and at
takes the value of 330 le. This small microstrain can be attributed
to the relatively slow cooling rate of the joint, owing to the large
heat input typical of arc-based welding processes, which allows
for the material to accommodate thermal strains more effectively
upon cooling to room temperature.

Throughout the base material, heat affected and fusion zone the
existing phases may vary. Moreover, to further quantify the
changes in the volume fraction of each phase, Rietveld refinement
was performed. The aim is to determine how the volume fraction
of each phase varies across the welded joint. Since the thermal
cycle is location dependent, the peak temperature and permanence
time at temperatures that can promote solid-state transformations
will vary. Table 5 summarizes the phase volume fraction of
the existing phases in different regions of the welded joint as
he welded joint (BM, HAZ1, HAZ2 and FZ) as obtained by Rietveld refinement and light

BCC L12 FCC r

MAUD ImageJ MAUD ImageJ MAUD ImageJ

0.57 – 2.03 – 1.11 –
0.19 – 0.75 – 0.58 –
– – 0.21 – 0.27 –
– – 0.38 – 0.21 –
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determined by Rietveld refinement and by image processing using
ImageJ software. Overall, there are no major deviations in the
phase fraction results obtained from Rietveld refinement or by
optical methods. Identification of the nanoscale phases by imaging
methods was hindered by the lack of resolution of the techniques
used, thus the need to complement this microstructure character-
ization with high energy synchrotron X-ray diffraction measure-
ments. Synchrotron radiation as a non-destructive testing
technique can then be used as a complementary characterization
method alongside optical and electron microscopy which are
destructive characterization tools. Moreover, with key advantages
such as high photon flux and narrow beam spot sizes, it is possible
to get bulk microstructure information with sufficient statistical
significance for quantitative (and qualitative) characterization. A
detailed analysis of the evolution of the phase volume fraction of
the welded joints is presented next.

The base material primarily consists of the eutectic-composing
phases with 62.69 and 33.60 % of FCC and B2 BCC phases, respec-
tively, which is consistent with measurements made with TEM
by other researchers [23,43,44]. Due to the small size and scattered
distribution of the nanosized phases that may compose this mate-
rial, their quantification is difficult by conventional characteriza-
tion means and, so far, no quantitative analysis has been
reported. However, these nanoscale phases are clearly distin-
guished in the low-noise diffraction data, as previously shown in
Fig. 6 a). The Rietveld refinement data shows that the volume frac-
tions of the identified nanosized L12 FCC, BCC and r phases were
2.03, 1.11 and 0.57 %, respectively.

Entering the HAZ1 region, the volume fraction of the eutectic
phases does not significantly change compared to the non-
affected base material. Moreover, this region still retains all the
nanoscale phases identified in the base material, but there is a clear
partial dissolution since the volume fractions of the L12 FCC, BCC
and r phases is reduced to 0.75, 0.19 and 0.58 %, respectively.
Going toward the fusion boundary but still in the heat affected
zone (HAZ2), the phase volume fraction of the eutectic phases
undergoes a subtle change, with the BCC phase starting to show
a slight increase from 34.08 to 41.73 %, with a corresponding
decrease in the volume fraction of the FCC phase from 64.40 to
57.79 %. As it will be shown in the microhardness plots, this vol-
ume fraction increase of the hard B2 BCC phase in the HAZ2 region
will correspond to an increase in hardness (to be further assessed
in the microhardness plots of Fig. 10). Still in HAZ2 region, the
higher peak temperatures and permanence time at temperatures
where solid-state transformations can occur, further promotes dis-
solution of the nanoscale phases, with the BCC phase dissolving
into the B2 BCC matrix (refer to Fig. 6 c)).

A significant change in the volume fraction of the FCC and B2
BCC eutectic phases in the fusion zone is noted, with the volume
fraction of the FCC phase increasing from 57.79 to 86.62 %, while
the B2 BCC phase retained only 12.79 % after melting and rapid
material solidification. However, from Fig. 6 d), it can be observed
that the diffraction peaks corresponding to the B2 BCC phase pos-
sess high intensity, which is likely due to the rapid solidification in
the fusion zone promoting strong texture effects in the B2 BCC
phase. The nanosized L12 FCC and r phases formed in the fusion
zone, although their volume fraction was slightly below than mea-
sured in the as-cast base material (0.38 and 0.21 %, respectively).
Again, the fast cooling rate during welding can suppress the forma-
tion of these phases upon cooling, thus justifying the differences
observed between the fusion zone and the as-cast base material.

3.3. CalPhaD-based calculations

The Scheil-Gulliver model was used to reproduce the solidifica-
tion behavior and phase evolution of the fusion zone in the as-cast
9

AlCoCrFeNi2.1 eutectic high entropy alloy under non-equilibrium
conditions. The high temperature of the melt pool induces elemen-
tal redistribution and promotes preferential loss of some elements
due to evaporation, thus altering the starting nominal composition
of the alloy. Therefore, to predict the solidification behavior more
accurately in the fusion zone, the nominal alloy composition of
the AlCoCrFeNi2.1 eutectic high entropy alloy and the average ele-
mental composition obtained by EDS measurements at multiple
points in the fusion zone were used in the Scheil-Gulliver model
to calculate the potential solidification pathways. It should be
mentioned that the Scheil-Gulliver model simulation has three
main assumptions [45]: 1) no back diffusion is considered in the
solid phase; 2) diffusion in the liquid phase is extremely fast so
that the liquid phase always has a homogeneous composition;
and 3) phase equilibrium between liquid and solid phases is
achieved at the local interface.

Fig. 7 a) details the solidification pathway from the Scheil-
Gulliver model using the nominal composition of the alloy, while
Fig. 7 b) considered the average fusion zone composition. From
Fig. 7 a), it can be seen that the solidification pathway obtained
based on the standard eutectic composition has only the eutectic
reaction, which can be described as Liquid ? Liquid + FCC (Disor-
dered) + B2 BCC (Ordered) reaction. However, the solidification
pathway shown in Fig. 7 b) occurs in two steps as follows:
Liquid ? Liquid + FCC (Disordered), and then followed by eutectic
reaction of the remaining liquid, i.e., Liquid ? Liquid + FCC (Disor-
dered) + B2 BCC (Ordered).

As can be seen from the observed dendritic FCC phase in the
optical micrographs of the fusion zone (refer to Fig. 3 f)), the solid-
ification pathway of Fig. 7 b), which considered the fusion zone
average composition, is more compatible with that experienced
by this region of the joint. It is obvious that the elemental distribu-
tion in the fusion zone does deviates from the standard eutectic
composition and can be described as a sub-eutectic fusion zone.
Combined with the microstructural features of the fusion zone in
Fig. 3 f), it is expected that when the composition deviates from
the standard eutectic composition, solidification of the primary
dendritic FCC phase from the liquid starts at a temperature of
1410 �C, followed by the eutectic reaction at 1256 �C, producing a
mixed lamellar structure of disordered FCC and ordered B2 BCC
phases. Compared to the nominal composition of the alloy used,
the solidification pathway changes significantly. However, based
both on the nominal alloy composition (Fig. 7 a)) and on the average
elemental composition of the fusion zone measured by EDS (Fig. 7
b)), the eutectic microstructure predicted by thermodynamic calcu-
lations is composed of disordered FCC and ordered B2 BCC phases,
which is in good agreement with the eutectic phases determined
by synchrotron X-ray diffraction measurements presented above.
However, the small amount of nanosized L12 FCC and r phases
obtained by synchrotron X-ray diffraction in the fusion zone are
not predicted by the Scheil calculations. This disagreement can be
likely due to deviations is composition due to the possible presence
of minor impurities in the startingmaterials used to cast themaster
alloy, thus promoting the formation of these phases.

The evolution of the elemental redistribution during non-
equilibrium solidification is provided in Fig. 8. Fig. 8 a) reproduces
the redistribution behavior of the elements in the dendritic and
interdendritic FCC phase, as well as in the eutectic lamellar struc-
ture (FCC and B2 BCC phases). To distinguish the elemental parti-
tioning in the FCC and B2 BCC phases among the eutectic
lamellar structure, the evolution of each element in the B2 BCC
phase is detailed in Fig. 8 b), so that the variation of the elemental
content in the eutectic FCC phase can be deduced and compared to
the dendritic FCC phase.

In Fig. 8 a), the red solid lines represent the elemental evolution
in the dendrites, while the intersection between the red and blue



Fig. 7. Scheil-Gulliver solidification pathway calculations using ThermoCalc (TCHEA 5.1 database) considering: a) nominal alloy composition; b) average fusion zone
composition.
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solid lines correspond to the interdendritic composition. The blue
solid lines denote the elemental partition in the FCC and B2 BCC
phases of the eutectic lamellar structures. For a clearer analysis
of the solidification process, the partition coefficient, k, is used to
explain the chemical heterogeneity associated with solidification,
being an indication of a given element to partition during solidifi-
cation. k is expressed as the Cs/CL ratio, where Cs is a given element
content in the solid and CL is the composition in the liquid. When
10
the partition coefficient is above 1, it reflects the enrichment of a
specific element in the interdendritic region, and conversely, when
the partition coefficient is below 1, it indicates an increase in the
concentration of that element in the dendritic region. When k
approaches 1, it represents a homogeneous distribution of that ele-
ment throughout the microstructure [46]. The evolution of the red
solid line in Fig. 8 a) shows that the partition coefficients for Al and
Ni are larger than 1, especially for the Al, thus suggesting that the



Fig. 8. Elemental redistribution obtained from the Scheil-Gulliver calculations for the as-cast AlCoCrFeNi2.1 high entropy alloy (considering the average fusion zone
composition): a) composition in the liquid phase; b) composition in the B2 BCC phase.
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interdendritic region is enriched in these two elements. Especially
due to the higher k of Al, the interdendritic space will be preferen-
tially enriched in Al. Apart from this, Co, Cr and Fe all possess k val-
ues below 1, revealing that the dendritic region will be enriched in
these elements. The predicted redistribution of the elements in the
dendritic and interdendritic regions is consistent with that
measured by EDS point scanning, as shown in Fig. 9 b) and c). A
more detailed analyzis and discussion of this EDS data will be given
later.
11
The variation in the elemental composition in the B2 BCC phase
is given by the blue solid line in Fig. 8 b). It can be observed that
from the onset of the eutectic reaction, both Ni and Al show a lin-
ear upward trend, while the remaining elements show a down-
ward trend, which suggests that the B2 BCC phase is enriched in
Ni and Al, while the FCC phase will be enriched in Co, Cr and Fe.
Combined with the evolution of the blue solid line in Fig. 8 a), it
can be deduced that the eutectic FCC phase contains more Co, Cr
and Fe than the B2 BCC phase.



Fig. 9. a): Scanning electron microscopy (SEM) micrograph along with the energy-dispersive X-ray spectroscopy (EDS) point analysis in different region within the fusion
zone; b to e) are EDS patterns and the resulting compositions of points 1 to 4, respectively.
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To further verify the reliability of the thermodynamic calcula-
tions, Fig. 9 b), c), d) and e) detail representative point composi-
tional results of the dendritic (spot 1) and interdendritic (spot 2)
regions, the FCC phase (spot 3) and the B2 BCC phase (spot 4) in
the fusion zone, respectively, to further investigate the elemental
differences within these different microstructures in the fusion
zone and compare them with the thermodynamic calculations.

Overall, the elemental segregation in the fusion zone is not sig-
nificant, but there is still microsegregation. As can be seen from the
thermodynamic calculations (refer to Fig. 8), the fusion zone first
forms as FCC dendrites, followed by the eutectic FCC + B2 BCC
eutectic structure. A comparison of the results from the EDS point
scans in Fig. 9 b) and d) shows that, the composition of Co, Cr and
Fe in the dendritic region are higher than that in the interdendritic
space. Concomitantly, there is a preferential Al and Ni enrichment
in the interdendritic space. The existence of these different compo-
sition domains can be attributed to microsegregation, which is
commonly found in fusion-based welding processes, and depends
heavily on the partition coefficient of each element in the liquid
[47]. The obtained EDS measurements are consistent with the
results calculated in this work using the Scheil-Gulliver model, as
previously shown and discussed in Fig. 8. The occurrence of com-
ponent microsegregation in dendritic structures obtained during
rapid solidification was also observed in work of Güler et al. [48]
for high entropy alloys of the Al-Co-Cr-Fe-Ni-Ti system. For the
eutectic structure, as expected, the FCC phase in the fusion zone
contains preferentially enriched in Co, Cr and Fe than in the B2
BCC phase, but the opposite occurs for Ni and Al. This observation
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is, thus, in good agreement with the elemental distribution evolu-
tion calculated by the Scheil-Gulliver solidification model.

3.4. Microhardness and tensile properties

For evaluating the effect of the weld thermal cycle on the local
strength of the joint, microhardness mapping was performed.
Fig. 10 a) details the microhardness mapping of the joint, while
Fig. 10 b) details the microhardness distribution obtained at mid
height of the material.

Based on the evolution of the microhardness, four distinct
regions within the welded joint are identified: the base material,
the heat affected zone near the base material (HAZ1), the heat
affected zone near the fusion zone (HAZ2) and the fusion zone.

The base material hardness has a microhardness around 300
HV, which serves as the benchmark for comparison with the other
regions of the joint. When entering in the heat affected zone (HAZ1
region), a clear downward trend to 242 HV in hardness is observed.
From the previous microstructure characterization, it was
observed that this region was similar to the as-cast base material.
The only difference was the volume fraction of nanosized phases
that existed in the FCC and B2 BCC eutectic phases (refer to Table 5).
In fact, the decrease in the volume fraction of these nanosized
phases can justify the decreased hardness of this region. Obviously,
it is clear that the nanosized phases in the FCC and B2 BCC phases
act as precipitation strengtheners, so that their (partial) dissolution
will decrease the material strength. Xiong et al. [49] performed a
quantitative analysis of the strengthening induced by the presence



Fig. 10. a) Microhardness map across the welded joint; b) Microhardness profile obtained at the mid height of the welded joint (black dotted line across the hardness map in
a)).
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of the L12 FCC and BCC nanosized phases within the lamellar struc-
ture FCC and B2 BCC phases of the same material. Their results
showed that these nanosized phases increase the alloy strengthen-
ing while sacrificing ductility. Therefore, it can be deduced that
when their dissolution occurs, this will lead to a reduction in hard-
ness, which is consistent with the results of the current paper. Still
proceeding to the heat affected zone and approaching the fusion
zone (HAZ2 region), there is a slight increase in hardness which
is associated to the increase in the volume fraction of the hard
B2 BCC phase, as previously observed from the synchrotron X-ray
diffraction data.

Interestingly, the fusion zone shows a significant increase in
hardness to 330 HV. This is mainly due to the considerable reduc-
tion in the lamellar thickness on this region over that observed in
both the base material and heat affected zone (refer to Table 2),
which is referred to as a grain refinement strengthening mecha-
nism. The reduction in grain size increases the number of grain
boundaries, which act as effective barriers to dislocation move-
ment, thus increasing the accumulation of dislocations, supporting
that grain boundary strengthening is also an auxiliary factor in this
hardness increase. Miao et al. [38] previously reported that the
nanosized phases and lamella thickness were the main factors
influencing the microhardness of eutectic high entropy alloys.
According to Miao’s work, when the lamella thickness was reduced
to 0.51 lm, the contribution of the phase interface was more
important than that due to precipitation strengthening. Although
the solidification conditions in the fusion zone resulted in a phase
volume fraction of only about 10 % for the hard B2 BCC phase, as
well as slightly less volume fraction of the nanosized phases, the
potential hardness losses are compensated by the strengthening
induced due to grain refinement.

For the purpose of assessing the effect of welding on the
mechanical behavior of the as-cast AlCoCrFeNi2.1 eutectic high
entropy alloy, tensile experiments were also performed. Fig. 11
13
details representative engineering and true stress–strain curves
obtained for both the base material (used as benchmark) and
welded joint. The yield strength, ultimate tensile strength and
elongation at fracture for each condition are detailed in Table 6.

Comparing the tensile test results obtained in both different
states, it is evident that the welding process modifies the mechan-
ical properties of the material. The yield strength increases from �
284 MPa in the as-cast state to � 372 MPa in the as-welded mate-
rial. This increase can be explained considering the strengthening
effect induced by the refined lamellar structure of the fusion zone.
However, compared to the as-cast material, the plasticity in the as-
welded state decreases, with the elongation being reduced from �
20.6 to � 13.0 %. This decrease in ductility is attributed to the
composite-like structure of the welded joint, where the different
mechanical behavior of the base material, heat affected zone and
fusion zone, will promote a different and localized mechanical
response across the joint as it will be shown with the digital image
correlation data. Fracture of the welded joints systematically
occurred in the non-affected base material. Further analysis of
the deformation of each region of the welded joint is detailed next
considering the digital image correlation data acquired. Here, it is
worth mentioning that the properties of the base material used
in this work are below those reported for other AlCoCrFeNi2.1
eutectic high entropy alloys [50], which can be due to the raw
materials used, as well as the casting conditions.

Fig. 12 was obtained considering the digital image correlation
data obtained during tensile testing. Each curve corresponds to
one of the three key regions of any welded joint: base material,
heat affected zone and fusion zone. From Fig. 12, it can be seen that
these three regions exhibit different yield strengths, which was
already expected due to the microstructural changes induced by
the weld thermal cycle. Considering the macroscopic elastic defor-
mation region, it can be determined that Young’s modulus, E, of
each regions follows the relation EFZ > EBM > EHAZ, meaning that



Fig. 11. Representative tensile stress–strain curves of base material and as-welded as-cast AlCoCrFeNi2.1 eutectic high entropy alloy at room temperature under a strain rate
10-3 s�1.

Table 6
Mechanical behavior of the base material and as-welded AlCoCrFeNi2.1 eutectic high entropy alloy from tensile testing until failure.

Reference Yield strength [MPa] Ultimate tensile strength [MPa] Fracture strain [%]

AlCoCrFeNi2.1 base material 284 ± 8 1039 ± 5 20.6 ± 0.2
Welded joint 372 ± 12 1026 ± 10 13.0 ± 0.4
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the fusion zone is the hardest, while the heat affected zone is the
softest. These results are in good agreement with what would be
expected solely considering the microhardness measurements pre-
viously shown in Fig. 10.

The strain in the fusion zone when failure of the joint occurred
was only 7 %. The increased hardness and refined microstructure of
this region will promote a preferential deformation in the softer
regions of the welded joint, i.e., in the base material and heat
affected zone. However, when the material fractured, the strain
reached up to � 22.0 and � 15.8 % in the base material and heat
affected zone, respectively, exhibiting a good ductility. The local
deformation of the base material region is in good agreement with
the bulk mechanical response of the base material specimen used
to benchmark the mechanical properties against the welded joint.
This also justifies why the overall joint ductility is reduced as com-
pared to the base material specimens: the composite nature of the
welded joint promotes increased strain concentration at specific
regions which eventually fail.

Purely considering the local tensile curves obtained by digital
image correlation of the three regions shown in Fig. 12, it would
be expected that fracture would occur in the softer heat affected
zone, rather than in the base material. The systematic failure of
the welded joints in the base material can be related to the rela-
tively larger volume fraction of nanosized phases which can acts
as stress concentrators. In the base material, there is a larger
amount (relative to the heat affected zone) of dispersed and hard
nanosized L12 FCC, BCC [51] and r phases [52], which can aid in
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premature cracking development, ultimately leading to fracture
in this region.

It is also possible to speculate on the load transfer behavior
across the welded joint. Specifically, in the early stages of deforma-
tion, the heat affected zone, which is the softest zone, bears more
of the load first, and once it yields, the load starts to be transferred
to the base material. With further deformation, the initially soft
heat affected zone begins to harden, allowing the initially hard
base material zone to accommodate more deformation and even-
tually fracture due to the presence of the dispersed nanosized
precipitates.

To further clarify the fracture mechanism of the welded joints,
post-mortem EBSD analysis was performed. Fig. 13 a), b) and c)
depict the EBSD KAM maps for the fracture area (base material
region), the heat affected zone near the base material, the heat
affected zone near the fusion zone and the fusion zone, respec-
tively, while Fig. 13 d) details the KAM values distribution for these
four regions. KAM maps show the local misorientation across
grains, which can be used to infer on the dislocation density: the
change in color from blue to red indicates an increase in the
KAM values, which is associated with increased misorientation
and strain distortion in the material. The comparison of the KAM
maps of these four regions in the fractured specimen reveals that
the KAM values increase from the fusion zone to the non-
affected base material. This suggests a larger strain imparted by
the base material, while the fusion zone has accommodated the
least amount of plastic deformation during the tensile deforma-



Fig. 12. Tensile curves obtained from the digital image correlation measurements for different regions: base material (blue line), heat affected zone (black line) and fusion
zone (red line).

Fig. 13. KAM maps of the fractured specimen considering different location across the joint: a) fracture site (base material); b) heat affected zone near the base material and
c) heat affected zone near the fusion zone, as well as fusion zone. d) KAM values distribution in the analyzed regions.
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Fig. 14. Fracture surface analysis of the as-cast AlCoCrFeNi2.1 gas tungsten arc welded joint: a) overview; b) and c) close-up detailing brittle and ductile features.
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tion, owing to its refined grain structure. The associated higher dis-
location density in the fractured region of the base material can be
induced by the presence of preferential stress concentrator sites
stress resulting from the presence of the dispersed and hard nano-
sized L12 FCC, BCC and r phases contained in the base material.

The tensile fracture morphology of the gas tungsten arc welded
joints of the AlCoCrFeNi2.1 eutectic high entropy alloy was
observed by scanning electron microscopy, as shown in Fig. 14.
As marked in Fig. 14 c), the fracture has cleavage facets, as well
as a large number of ductile dimples, disclosing a mixed fracture
pattern of ductility and brittleness, but with significant predomi-
nance of the former. Further observations evidence that the cleav-
age facets generated by the brittle B2 BCC phase coexist within the
dimples of the fracture surface. It can be inferred that during the
tensile loading process, the soft FCC phase is significantly deformed
and gradually thinned at the upward edge, and eventually the hard
B2 BCC phase remains at the bottom of the ductile dimples due to
the small amount of deformation sustained by this phase. Thus, the
good strength/ductility synergy of the welded joint is attributed to
the joint mechanical behavior of both the soft FCC and hard B2 BCC
phases.
4. Conclusions

This work investigated the effect of gas tungsten arc welding on
the microstructure and mechanical properties of an as-cast
AlCoCrFeNi2.1 eutectic high entropy alloy combining advanced
16
materials characterization and thermodynamic calculations. The
following main conclusions can be drawn:

(1) Gas tungsten arc welding was able to successfully produce
full penetration and defect-free welded joints, suggesting
the potential of this fusion-based welding process to join
these advanced engineering alloys.

(2) High energy synchrotron X-ray diffraction was used to
determine the existing phases across the joint, while Cal-
PhaD simulations were used to predict the microstructure
evolution.

(3) The weld thermal cycle did not change the eutectic structure
across the whole joint, although the volume fraction of exist-
ing phases varied.

(4) The heat affected zone evidenced softening in response to
the weld thermal cycle, which is attributed to the partial dis-
solution of the nanosized phases that compose the starting
material.

(5) In the fusion zone, although the volume fraction of the hard
B2 BCC phase is only � 12 %, the existence of a significantly
refined microstructure renders an increased hardness com-
pared to the as-cast base material.

(6) Mechanical testing of the joints showed that the yield
strength of the joints was higher than that of the base mate-
rial, whilst there was an obvious reduction in ductility. The
fracture occurred in the base material, which is mainly due
to the nanosized phases contained in the base material act-
ing as stress concentrators.
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