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Abstract

AlCoCrFeNi2.1 alloy belongs to a group of materials called eutectic high-entropy alloys (EHEAS). These have
gained attention due to the fact that there is no so-called "strength ductility trade-off". At the same time, the
material properties are stable over a wide temperature range due to the high entropy state of the eutectic
structure. The generally good castability of eutectic alloys, which prevents segregation of the major chemical
elements and precipitation of new phases, also extends the possibilities for future applications. Based on the
above, AlICoCrFeNi2.1 alloy could be applied in critical structural locations subjected to severe conditions in
terms of elevated temperatures and mechanical stresses. Alloy could replace, for example, austenitic steels
with high ductility but lower tensile strength values. In order to make full use of a given material, its behaviour
must be verified in bonding technologies with commercially used materials. Therefore, the following research
deals with heterogeneous weld joints of AICoCrFeNi2.1 with austenitic steel EN 1.4571 formed by electron
beam welding. The evaluation of the weld consisted of observation of the resulting microstructure,
determination of the chemical concentration of the elements in the fusion zone, phase analysis followed by
mechanical properties testing in the form of Vickers hardness test and tensile test.
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1. INTRODUCTION

Eutectic high-entropy alloys (EHEAS), popularised by Lu et al. [1] in 2014, were intended to extend the existing
family of high-entropy alloys (HEAS). This is because the pre-existing alloys, in most cases, contained a single-
phase structure guaranteeing high strength or ductility without the possibility of combining them. At the same
time, the aim was to take advantage of the good castability of eutectic alloys in general and thus expand the
possibilities of their future applicability. Together with the concept of EHEAS, the alloy AICoCrFeNi2.1 was
introduced. The complex name is derived from the atomic ratio of the chemical elements. Its microstructure is
formed by a lamellar eutectic containing a strength guaranteeing B2 phase (containing mostly Al and Ni) and
a ductile FCC L1z phase (enriched primarily in Co, Cr, Fe and also Ni). As a result, it is possible to achieve a
tensile strength of 944 MPa with a ductility of 25,6 % at room temperature. The high entropy of the system
should keep the microstructure and associated properties stable over a wide temperature range [2-4].

The limitation of the application of AICoCrFeNi2.1 alloy in large series production or larger volumes is the high
cost of the elements needed to achieve the desired mechanical properties. The alloy can therefore be part of
the thermally and mechanically stressed parts of the structure instead of forming the whole volume. To do this,
it is necessary to verify how AlICoCrFeNi2.1 behaves when bonded to commercially used materials. Previous
research on HEAs in joining [5, 6] has focused on austenitic steels characterised by their high ductility but low
strength. One of the steels, whose strength and microstructural stability at elevated temperatures is enhanced
by alloying titanium, is 1.4571. Titanium reacts with carbon and nitrogen, which in turn stabilises the matrix
formed by austenite and prevents intergranular corrosion [7].
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Technologies used to form joints include electron beam welding. The technology involves accelerating
electrons incident on the surface of the material to be welded, converting kinetic energy into thermal energy
and forming a non-separable fusion joint. It is characterised by low heat input, small heat affected area and
high variability in terms of weld depth [8, 9].

The paper deals with the electron beam welding of EHEA AICoCrFeNi2.1 alloy with austenitic steel 1.4571
and the evaluation of the selected weld joints by materials engineering methods.

2. MATERIALS

The AlICoCrFeNi2.1 alloy was produced using an Indutherm MC15 vacuum induction furnace. The inside of
the chamber was filled with argon in order to limit oxidation of the melt. Pure metals were used for fabrication
with the weight ratios listed in Table 1. Despite the name of the alloy being derived from the atomic ratio of the
elements represented, the indication of the elements in wt% follows the established methodology in metallurgy
and also simplifies the comparison with commercially used austenitic steel. Other results are also interpreted
using wt%.

Table 1 Chemical composition of AICoCrFeNi2.1 EHEA and 1.4571 austenitic steel

Chemical elements (wt%)

Alloy
Al Co Cr Fe Ni Ti Mo Mn
AlICoCrFeNi2.1 8.7 18.0 17.7 17.1 38.7 - - -
1.4571 - 0.2 16.8 Balance 10.6 0.3 2.0 2.0

The microstructure of AICoCrFeNi2.1 (Figure 1) is formed by a lamellar eutectic containing FCC (Co, Cr and
Fe rich) and BCC (Al, Ni rich) phases confirmed by EBSD measurements. In terms of microstructure (Figure
2), steel 1.4571 is formed by FCC austenitic grains and titanium carbonitrides enhancing corrosion resistance
at high temperatures.
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Figure 1 Microstructure of AICoCrFeNi2.1

Figure 2 Microstructure of 1.4571

3. WELDING PARAMETERS AND METHODOLOGY

The base materials were machined into a cylindrical shape with a diameter of 14 mm. By creating a pin on the
eutectic alloy and a hole on the austenitic steel, it was possible to coaxially align the samples. Subsequently,
a circumferential weld was formed at their interface. The welding was carried out in the vacuum chamber of
anelectron beam welding machine with a maximum power of 2 kW at an accelerating voltage of 60 kV. The
working pressure was kept below 4 x 102 Pa throughout the process. To comprehensively evaluate the
behavior of the heterogeneous joints, welds were performed using several parameters differing primarily in
welding current and welding speed (Table 2). All joints exhibited similar chemical and phase compositions.
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The difference was in the mechanical properties, where fracture occurred outside the joint using parameters
marked FZ 1. The paper therefore discusses the properties associated with the aforementioned welded joint.

Table 2 Parameters of AICoCrFeNi2.1 and 1.4571 electron beam welding

Process Parameters of welding
label Beam current Accelerating Welding speed Focus current Heat input
(mA) voltage (kV) (mm/s) (mA) (J/mm)
FZ1 13 55 10 738 71.5
FzZ2 17 55 20 743 46.8
FzZ 3 25 55 30 747 45.8

The welds were processed in a metallographic laboratory and electrolytically polished using a commercially
available etchant A2 from Struers. Microstructure observations were performed using a Magellan 400 electron
microscope (Thermofisher Scientific) along with line EDX analyses and EBSD phase compositions. The
hardness of the material was measured by the Vickers test with a load of 0.1 kg for 10 s. The tensile strength
is determined for a 5 mm diameter, 40 mm long body as a function of the stress on the displacement of the
crosshead.

4, RESULTS AND DISCUSSION

Figure 3 shows the upper part of the weld area created using the FZ 1 parameters. The figure also shows the
approximate locations of the phase analysis, in-line chemical analysis and hardness measurement HVO0.1.
Remelted region is dominated by dendritic grains (darker areas) with the FCC crystalline lattice extending from
the base material to the centre of the weld. The inter-dendritic regions formed by the phase with BCC crystalline
lattice (light areas) fill the rest of the volume. The proportion of the FCC phase depicted by the green colour in
Figure 4 is approximately 96 % (the rest is created by the BCC phase).Observation of the weld did not reveal
the presence of macroscopic defects.

EBSD EBSD
Interface FZ

EBSD
Interface

e 1
EDS chemical analysis
HV0.1 hardness evaluation

Figure 3 Macrostructure of the welded joint with marked areas of analyses
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Figure 4 Phase composition of the welded joint

The interfaces between the base materials and the weld joint differ not only from each other, but also compared
to the inside of the remelted area. The interface at AICoCrFeNi2.1 consists of fine-grained lamellae pointing
into the welded joint (Figure 5). On the opposite side, the transition between the austenitic steel and the weld
joint is smoothly formed by a phase with FCC crystalline structure (Figure 6).

Figure 5 Phase composition of the EHEA/FZ Figure 6 Phase composition of the 1.4571/FZ

interface interface
The narrow region formed by the FCC phase can be further observed in the remelted area near the interface.
EDS line analysis (Figure 7) proved significant changes in the concentration of chemical elements at the
locations. Thus, the FCC region in the welded joint from both sides is the result of line mixing of materials with
complex chemical element contents. In terms of chemical composition, chromium is homogeneously
distributed from one interface to the other. On the contrary, concentration of nickel and aluminium decreases
in locations with elevated iron concentrations and vice versa. A similar phenomenon takes place in the base
material AICoCrFeNi2.1, where the BCC phase is enriched in Al and Ni due to the favourable mixing enthalpy
of the elements [2].
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Figure 7 EDS line chemical analysis indicated in Figure 4

The resulting hardness of HVO0.1 is shown in Figure 8. The hardness of the welded joint is within the range of
values of the base materials, outperforming austenitic steel. The increased hardness is probably due to the
presence of a BCC phase strengthening the weld joint.
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Figure 8 HVO0.1 hardness measurement in the chemical analysis line

In the case of tensile properties of the material (Figure 9), the weld exhibited better tensile strength compared

to 1.4571 in addition to increased hardness. Thus, in both cases there was a necking and subsequent fracture
in the base material of 1.4571.
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Figure 9 Tensile test results of a heterogeneous joint
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5. CONCLUSION

Electron beam welding of heterogeneous EHEA AICoCrFeNi2.1 and 1.4571 joints were performed using
parameters varying in beam current and welding speed with the following findings:

. The weld joint is primarily formed by a dendritic structure with an FCC crystalline lattice. The remainder
consists of a hard phase with a BCC lattice.

o The metallographic samples did not contain any macroscopic defects.

. Chemical analysis confirmed sufficient mixing of both base materials.

. The chemical composition gradients observed at the interface of the base material and the weld joint
resulted in a narrow region formed by the FCC phase.

. In terms of mechanical properties, the welded joint achieved the best mechanical properties using a

welding current of 13 mA and a welding speed of 10 mm/s.
Based on the experimental results, it can be concluded that with the selected parameters it is possible to weld
the given combination of materials without complications. The welds formed differed only minimally in terms of
microstructure, chemical concentration and phase composition. The main difference was thus achieved tensile
strength. Further research will focus on the changes in microstructure and mechanical properties with long-
term exposure to elevated temperatures.
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