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High Entropy Alloys Behaviour During Welding
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Abstract. The High Entropy Alloys have been developed in the last two decades by mixing at least four
chemical elements in equiatomic or quasi-equiatomic proportions. Due to the large range of structures
and outstanding properties, these advanced materials can be used for structural, high-temperature,
wear-resistant, corrosion-resistant, oxidation-resistant, and electrical elements. In order to extend the
applicability area of High Entropy Alloys and to improve the knowledge in terms of their behaviour,
the researchers worldwide have investigated the phenomena generated by the welding process and its
effects produced on their properties. The findings have revealed that these special alloys can be
recommended to be used both in high and low-temperature applications. This paper presents a review
focused on the weldability and behaviour of CoCrFeMnNi, AICoCrCuFeNi, AICrFeCoNi, and
CoCrFeNi alloys during Friction Stir Welding, Electron Beam Welding, Laser Beam Welding, and
Tungsten Inert Gas. Original results related to the weldability and behaviour of new AICrFeMnNi
alloys developed and subjected to Shielded Metal Arc Welding, as a technical solution for performing
morpho-functional structures used in the military field, are presented and discussed, too. The
experimental results demonstrated that an appropriate selection of joining technique and filler metal,
as well as an optimal combination of process parameters led to performing quality joints, free of
defects.

Keywords: High Entropy Alloys, CoCrFeMnNi, AICoCrCuFeNi, AICrFeCoNi, CoCrFeNi,
AICrFeMnNi, weldability.

1. Introduction

In the beginning, the conventional alloys were traditionally developed by using a model based on
the existence of a "basic chemical element™” [1]. Through this elaboration method, a chemical element
or sometimes two main chemical elements, i.e. Fe in steel or Ni in superalloys, were chosen and, in
addition, low percentages of alloying elements were added, in order to obtain alloys with superior
properties. Almost two decades ago, a new method of alloying, meaning a combination of several
chemical elements in an equimolar or almost equimolar composition, has been proposed and advanced
High Entropy Alloys (HEAS) with preserved properties at high-temperature variations have been
achieved [1]. By definition, the HEAs contain at least four main chemical elements, with 5...35%
atomic concentrations. To improve the mechanical properties, these alloys can be supplementary
alloyed with other chemical elements, in a concentration of less than 5% [2-10]. Consequently, it is
possible to obtain alloys with outstanding mechanical properties [11-20], such as the
AlzoLiMg10Sca0Tizo alloy which is characterised by 2.67 g/cm® mass density and 5.9 GPa hardness,
similar to high hardness steels [21]. Another example is the FezsCozsNizsAlioTiss alloy that has a
tensile strength of 1.82 GPa, reaching up to the ultimate tensile strength of 2.52 GPa [22].
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2. Materials and methods

Based on the literature studied for developing this review, more HEAS, whose chemical
composition is presented in Table 1, have been identified [23 - 33]. For the conventional alloys, the
mechanical properties are determined by the dominant chemical element. For example, Young's
module has a value of about 200 GPa for alloys whose main element is Fe, 110 GPa for Ti-based
alloys, and around of 75 GPa for the Al-based ones. As regards the HEAs properties, Young's module,
for instance, is determined by the added chemical elements but may have a different value. Thus, the
CoCrFeNiCuAlos alloy has the Young modulus of 24 GPa, which is much lower than the modulus of

any constituent chemical element (Figure 1) [34]. Another important feature of these advanced alloys
IS the hardness characteristic.

Table 1. Chemical composition of several High Entropy Alloys [23 - 33]

Alloy Chemical composition [%0]
AlosCoCrFeNi Al-11.11 Co-22.22 Cr—22.22 Fe—22.22 Ni—22.22
CoCrFeMnNi Co-19.8 Cr-19.94 Fe —20.6 Mn —19.34 Ni —20.32
CoCrFeNiAlos Co-23.26 Cr-23.26 Fe —23.26 Ni —23.26 Al -6.9
AlosCrFe1sMnNios Al-35 Cr-22.19 Fe —36.82 Mn — 23.67 Ni —13.76
AlMoosNbTaosTiZr Al-21.34 Mo — 13.56 Nb —24.6 Ta-12.95 Ti-20.61 Zr-53
CrNbTiVZr Cr-20.2 Nb - 20 Ti—19.96 V —-19.96 Zr—6.57
TiNbMoTawW Ti-18.87 Nb —-21.6 Mo —21.8 Ta—18.95 W —18.78
Wo.3sNbMoTa W —-12.42 Nb —27.4 Mo - 30.01 Ta-30.17
CrMoNbTavVW Cr-27.05 Mo - 13.68 Nb —13.63 Ta—13.64 V-15.18 W -16.81
MoNbHfZrTi Mo — 19.58 Nb —20.51 Hf - 20,42 Zr—20.1 Ti—19.39
NbCrMoosTaosTiZr Nb —21.84 Cr-18.39 Mo - 10.04 Ta—11.86 Ti—194 Zr—18.48

A comparative analysis of the hardness of HEAs and several common alloys exhibits a great
variation in hardness (Figure 2) [34]. As the hatched area shows, there are two solutions to increase the
hardness, either by changing the concentration of one or more chemical elements or by applying
thermo-mechanical treatments. As it is noticed in Figure 2, the AICrFeMnNi and AICrFeMoNi alloys
have a significant higher hardness than the ordinary alloys [35].
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Figure 1. Specific strength vs. Young’s modulus for several
HEAs and conventional alloys [34]

Rev. Chim., 71 (3), 2020, 219-233 220 https://doi.org/10.37358/RC.20.3.7991


https://revistadechimie.ro/
https://doi.org/10.37358/Rev

Revista de Chimie

https://revistadechimie.ro @ @

https://doi.org/10.37358/Rev. Chim.1949

r

1400

1 AlCoCrCuFeNi B AICoCrFeNiTi 11 AICrFoMoNi 16 CoCrFeNiV
2 AICoCrCuFeNiV 7 AICOCrCuFeNiTIV42 CoCrCuFeNI 17 CoCrFeNiTi

1200 |3 AlCoCrFeMoNi 8 AICrCuFeNi 13 CoCrFeMnNI 18 CoCrFeMoNi
4 AICoCrFeNbNi 9 AICrCuFeNITI 14 CoCrFaMnNiV 19 CrCuFeMnNi
6 AlCoCrFeN| 10 AICrFeMnNi 15 CoCrFeN| 20 Refractory HEAs|
1000
HEAs [ ional .|
= > alloys
I 800 f---ga---=mmcemme e rm e m s e e nces e e s s c e s e
73
8 P
_g 600 Py A1~ epprmneREny -
© 7
L 400 = =l ===t1=-r 5 -

ECS
0
|
|

gt

12 34 5678 910 11121314151617181920AICoCrCuFeNiTiV
Alloy system

Figure 2. Hardness of HEAs and of several
conventional alloys [35]

One of the most important features of HEAs is the ability to keep their mechanical properties at
high temperatures. Figure 3a displays the yield strength-temperature curve for the Inconel 718 and
Haynes 230 nickel alloys, employed in high-temperature applications, and for some HEAs. By
comparison, the MoNbTaVW and MoNbTaW alloys preserve better the yield strength values at high
temperatures (1600°C) than the Ni alloys. Figure 3b, ¢, and d exhibit the hardness vs. temperature for
some HEAs, as well as the influence of the alloying element percentage on the variation curve. It
notices that increasing the Al, Cr and Co percentage, the effect on the hardness is different. While a
higher concentration of Al and Cr increases the hardness, a higher concentration of Co leads to
hardness decrease [35]. Furthermore, the HEAS preserve their mechanical properties not only at high
temperatures but also at low temperatures. For instance, the CoCrFeMnNi alloy, whose stress-strain
diagram for different temperatures is shown in Figure 3e, has outstanding mechanical characteristics at
temperatures of -200°C [36]. This paper presents a review focused on the weldability and behaviour of
CoCrFeMnNi, AICoCrCuFeNi, AICrFeCoNi, and CoCrFeNi alloys during Friction Stir Welding
(FSW), Electron Beam Welding (EBW), LASER Beam Welding (LBW), and Tungsten Inert Gas
(TIG). Original results related to the weldability and behaviour of new AICrFeMnNi alloys developed
and subjected to Shielded Metal Arc Welding, as a technical solution for performing morpho-
functional structures used in the military field, are presented and discussed, too.
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Figure 3. HEA’s mechanical properties vs. temperature [35, 36]
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3. Results and discussions

This study addresses the current state of the HEAs weldability and the identification of the optimal
process parameters which can be employed to perform quality welded joints. The discussion is focused
on the analysis of the welding process effects that caused mechanical and metallurgical modifications
in HEAs welded joints.

3.1. CoCrFeMnNi High Entropy Alloy
Due to its mechanical properties, the CoCrFeMnNi alloy has been found as a promising material
that can be successfully employed for cryogenic applications. At room temperature, the yield strength
of this alloy is relatively low, being approximately 200 MPa [37, 38]. Applying certain thermo-
mechanical treatments, the mechanical properties can be greatly improved. Thus, after treatment, the
yield strength can reach up to 1834 MPa, the ultimate tensile strength up to 2069 MPa, uniform
elongation of 1.4% and total elongation of 7.4% at room temperature. Moreover, at -200°C
temperature, this alloy has 1442 MPa yield strength, 1596 MPa ultimate tensile strength, 1.3% uniform
elongation and 10.4% total elongation [37]. Wu Z. et al. investigated the weldability of the
CrMnFeCoNi alloy, using EB and GTA processes for butt welding of plates with 1.6 mm thickness.
The main EB process parameters applied by the authors are voltage of 125 kV, amperage of 2.2 mA
and welding speed of 38 mm/min. The tensile testing performed at both room temperature and at
negative temperature showed that the welded samples retained the tensile strength of the base material,
but the ductility decreased by 30% (Figure 4a) [39, 40]. The microstructural and spectral analysis
showed that a grain elongation and a depletion of Mn occurred in the fusion zone (Figure 4b) [39],
[40]. The concentration of Mn decreased from 20% percentage in the base material (BM) to 13% in the
dendritic zones and 16.8% in the interdendritic areas. The GTA process parameters used for
performing the samples are amperage of 75 A, voltage of 8.4 V and a welding speed of 25mm/min.
From the analysis of the joint macrostructure, it was found that the fusion zone has a columnar
structure with large grains formed from the fusion line to the weld centre (Figure 4c). Comparing the
mechanical properties of the welded joint and of the base material, the tensile testing, performed at
both 20°C and at -200°C temperatures, revealed an increase of 10% of the yield strength, a decrease of
20% of the tensile strength, and a decrease by half of the welded joint ductility. Unlike EB welding, no
depletion of Mn has been found in the CoCrFeMnNi welded joint performed by GTA welding (Figure
4c) [39]. The researchers have concluded that the experimental results obtained by GTA welding can
be improved if measures to reduce the amount of oxygen in the weld pool area and the adjacent area
are applied.
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Figure 4. Welded joints of CrMnFeCoNi alloy: a) stress-strain curve; b) macrostructure
of the EB welded joint; ¢) macrostructure of the GTA welded joint [39, 40]

Rev. Chim., 71 (3), 2020, 219-233 222 https://doi.org/10.37358/RC.20.3.7991


https://revistadechimie.ro/
https://doi.org/10.37358/Rev

Revista de Chimie i @
https://revistadechimie.ro @
https://doi.org/10.37358/Rev. Chim.1949 e

Kashaev N. et al. studied the weldability of the CoCrFeNiMn alloy during the LBW process. The
plates, having 15x15x2 [mm] dimensions, were joined with the following welding parameters: laser
beam power of 2kW, beam diameter of 300 pum, a focal length of 0 mm, and welding speed from 3 to
6m/min. For the welding speed below 3m/min, the authors reported a significant increase in the
thickness of the weld and for a value over 6m/min an incomplete penetration has been observed. A
right weld bead geometry and an optimal cylindrical "I" shape of the weld, which provides better
tensile properties, were achieved for the welding speed values of 4 and 5m/min. No major differences
in terms of microstructure and grain orientation have been noticed between the base material, Heat
Affected Zone (HAZ) and weld zone. The authors reported a significant increase of the microhardness
in the fusion zone that is caused by the precipitation of B2 microparticles whose diameter is about 5
um (Figure 5a, b) [41, 42].
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The weldability of the CoCrFeNiMn alloy joined by LBW was also studied by Nam H. et al. who
used plates of 100x20x1.5 [mm] dimensions, obtained by casting and by rolling. The samples were
performed with the following process parameters: laser beam power of 2 kW, beam diameter of
300um, a focal length of 304 mm, and welding speed of 6, 8 and 10 m/min. It was achieved full
penetration, but shrinkage voids have been noticed in the interdendritic region which were developed
when the welding speed was 6m/min. If the welding speed was increased to 10m/min, the shrinkage
voids disappeared, but the penetration in the weld was incomplete [43]. It was found that the welding
speed did not significantly affect the mechanical characteristics of the welded joints carried out by
LBW (Figure 6a) [43]. The micro-hardness analysis revealed a significant increase in the fusion zone
for the cast alloys and a minor increase for the rolled alloys (Figure 6b) [43]. The increase of the
micro-hardness in the cast alloy was attributed to the fact that the dendritic arm spacing was 200 times
smaller in the fusion zone than in the base material, while in the case of the rolled alloys the dendritic
arm spacing was similar in both zones [43, 45]. Due to the low heat input and concentrated welding
source, no significant differences related to the metallurgical structure were identified between base
material, HAZ, and weld zone (Figure 6c, d) [43, 44]. Based on the analysis of process parameters
used by Kashev et al., on the one hand, and the parameters applied by Nam et al., on the other hand, it
can be concluded that increasing the focal length of the laser beam from 0 to 304 mm, the welding
speed may be increased, too. In both cases, the effects generated by the welding process in the welded
joints seem to be similar.

Rev. Chim., 71 (3), 2020, 219-233 223 https://doi.org/10.37358/RC.20.3.7991


https://revistadechimie.ro/
https://doi.org/10.37358/Rev

Revista de Chimie
https://revistadechimie.ro
https://doi.org/10.37358/Rev. Chim.1949

Stress (MPa)

70

60 — Rolled - BM

~— Rolled - 6 m min"!
50 —— Rolled - 8 m min™!
~—— Rolled - 10 m min**
40
30i

20 - - Cast-BM

- = Cast -6 m min"!
= = Cast - 8 m min"!
= = Cast - 10 m min"*

a0 50

10

—

c)
Figure 6. CoCrFeNiMn alloy welded by Laser Beam procedure: a) stress-strain curve;

b) micro-hardness profile; ¢), d) macro and microstructure (welding speed of 6m/min
and 10m/min, respectively) [43]

Microhardness (Hvo.s)

&)
= THAZG | e
, —=— Rolled - 6 m min*~
20 1 RAZS ¥ 1 Rolled -8 mmin?
: *{‘\z’#g"ej ! Rolled - 10m min!
17 0—0—0—0-0-&383’1’—'@% g A BB AGr-O-00
11T LeWgl
: : : /; ¥ |—~—Cast- 6 m min*
150 11 y/: :\-.:—o—Casl-Bm min?!
1o /'|f‘ I |\§ «—Cast- 10 m min*
PR S e % 1w | ) 1 I
12§ u"*'#"%’? 1 \Vt M ¥yorvvvee
[ I O ,'?11\1.110 :
11 11 ) ey
BM HhZ§ | BM
100 [ B I | g
| LI | HAZ-d |
1

Jo M. G. et al. studied the weldability of CrMnFeCoNi alloy, employing LBW and FSW processes.
The experimental tests by LBW have been done on plates with 60x55x1 [mm] dimensions, using a
copper backing plate and argon as shielding gas. A laser beam power of 9 kW, beam diameter of 200
um, focal length of 450 mm and welding speed of 9 m/min were applied for achieving the samples.
The tensile testing results showed that the yield strength of the welded joint is comparable to that of
the base material, but the ductility has decreased by 16% because of the inclusions of MgO and
MgSOa. A columnar structure was formed in the fusion zone, the dendrites growing from the fusion
zone line towards the weld centre [46]. An increase of approximately 30% of the hardness was noticed
in the weld, this increase being attributed to the finer dendrite arm spacing in the fusion zone in
comparison with that of the base material, as well as to a possible chemical composition fluctuation
(Figure 7) [46, 47].
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Another programme experimental developed by the authors was focused on FSW of CrMnFeCoNi
alloy plates with 60x55x2 [mm] dimensions. The samples were carried out by using the welding speed
of 150 mm/min and the rotational speed of 600 rpm. The geometry of the rotating element is
characterised by 12 mm shoulder diameter, 4 mm pin diameter, 1.85 mm length, and a tilt of 3°. After
performing the tensile testing, it was observed a higher yield strength (296 MPa) of the welded joint in
comparison with that of the base material (272 MPa), while the ductility has decreased by 9% (Figure
8) [46]. Due to the dynamic recrystallization phenomenon, the grain size decreased significantly from
70 um in the BM to 5 um in the stir zone (SZ). Consequently, the hardness in the SZ increased from
144 HV in BM to 190 HV in the shoulder action area and 220 HV in the pin tool action area (Figure 8)
[46].
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Figure 8. CrMnFeCoNi alloy welded by FSW procedure:
a) stress-strain curve; b) grain size; c) hardness [46]

Shaysultanov D. et al. studied the weldability of CoCrFeNiMn alloy, microalloyed with C. The
laminated plates with 70 x 40 x 2 [mm] dimensions were double-sided welded by FSW process. The
welding parameters were set as follows: welding speed of 30 mm/min, rotational speed of 1000 rpm,
and a loading force of 11.1 kN. The diameter of the rotating element was 12.5 mm, the tool pin has a
length of 1.5 mm and was tilted at an angle of 2.5°. Following the microstructure analysis, a decrease
in grain sizes, from 9.2 um to 4.6 pm, was noticed in the SZ (Figure 9a) [48]. Besides, an increase in
the volume of the M23Cs carbides was detected and that determined a significant increase by
approximately 40 HV of the hardness, and by about 200 MPa of the ultimate tensile strength (Figure
9b, c¢) [48]. Moreover, the presence of W was observed in the SZ that was attributed to the wear of the
rotating tool [48].
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Figure 9. CoCrFeNiMn alloy welded by double-sided FSW procedure:
a) macrostructure and hardness profile; b) M23C6 carbides in the SZ;
b) stress-strain curve [48]
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3.2. AICoCrCuFeNi High Entropy Alloy

The mechanical properties of AICoCrCuFeNi HEA make it suitable for high-temperature
applications. The yield strength can reach 1750 MPa and the compressive strength can be improved to
2100 MPa by applying thermo-mechanical treatments [49]. As Kuznetsov A. V. et. Al. reported, this
HEA has 542 MPa tensile strength and elongation of 0.4% at temperature of 600°C, 350 MPa tensile
strength and 4.7 elongation at temperature of 700°C, and 161 MPa tensile strength and 12.1%
elongation at temperature of 800°C [50].

Martin A. et al. studied the behaviour of AlosCoCrCuo.1FeNi alloy subjected to Gas Tungsten Arc
Welding (GTAW) and pulsed LBW. Heat-treated plates, having 63x3x3 [mm] dimensions, were
joined by using 95 A amperage, 11 V voltage and 4.3 mm/s welding speed. A wide HAZ of 1.5 mm
width was formed, but no defect was detected in the welded joint (Figure 10a) [51]. Also, the authors
investigated the weldability of AlosCoCrCuo.1FeNi alloy on heat-treated and hot-rolled plates (Figure
10b) which were butt-welded in two passes with 100 A amperage, 10.5 V voltage and welding speed
of 3 mm/s. Following the joint microstructure, the authors reported the existence of a gap of 0.24 mm
size between passes, a narrow HAZ with a 0.5 mm width and a significant decrease of the hardness in
the fusion zone (Figure 10f). Besides, a crack that is generated in the alloys with face-centred cubic
(FCC) structure by welding, was observed at the beginning of the second pass. To avoid the
development of this type of defects, technical measures as reducing the welding speed and using the
technological plates have to be considered when the welding regime is designed [51]. Martin A. et al.
investigated the weldability of AlosCoCrCuo1FeNi HEA during pulsed LBW on three samples joined
by three welding regimes. The first sample was welded with 1 kW beam power and 1.66 mm/s
welding speed, the second sample with 5kW beam power and 0.78 mm/s welding speed and the third
sample was made using 1 kW beam power and 2.5 mm/s welding speed. Using the "keyhole™ welding
technique, a greater penetration was achieved in the first welded sample, but some porosity and
solidification cracks caused by high cooling rates have occurred in the fusion zone (Figure 10c) [51]
[52]. To achieve samples free of defects, some adjustments of the process parameters were made. The
result was an increase of the width to depth ratio of the weld for the second and the third specimens
(Figure 10d, e). It was noticed that at higher beam power combined with a slower welding speed lead
to greater penetration and larger width of the fusion zone in comparison with the weld geometry
obtained with lower beam power and faster welding speed. Comparing the micro-hardness values
measured in the weld area, Martin A. C. et al. reported higher hardness in the samples performed by
LBW than in the case of GTAW and that can be explained by due to the more refined grains resulted
in the LBW joints (Figure 10f) [51].
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Figure 10. Welded AIO.5C“ CrCu0.1FeNi alloy: a) GTAW heat-treated plate;
c) GTAW heat-treated and hot-rolled plate; c), d), e) LBW sample; f) micro-hardness
d) profile in GTAW and LBW joints [51]
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3.3. AICrFeCoNi High Entropy Alloy

As Munitz A. et al. reported, the mechanical properties of this HEA can be greatly improved by
thermo-mechanical treatments, resulting an alloy with 6 GPa hardness, 1450 MPa compressive yield
stress, 2500 MPa compressive ultimate tensile strength, and fracture strain of 20.1% [53]. Moreover,
this alloy displays great mechanical characteristics at cryogenic temperatures of -200°C, being
characterised by 1880 MPa yield strength, 3550 MPa ultimate yield strength, and fracture strain of
14.3% elongation [54] [55]. Wang W. R. et al. investigated the behaviour of AICrFeCoNi alloy at high
temperatures, reporting hardness values of approximately 400 kgf/mm? at 400°C, 350 kgf/mm? at
600°C, 275 kgf/mm? at 800°C, and 275 kgf/mm? at 1000°C [56]. Sokkalingam R. et al. studied the
weldability of the AlosCoCrFeNi alloy, using plates of 30x30x2.5 [mm] dimensions, which were
welded by TIG welding procedure. The process parameters were the current of 40 A, voltage of 12 V
and welding speed of 80 mm/min. It was observed the formation of a narrow HAZ, in which the grains
near the fusion line had doubled the size, comparing to the initial grains whose size was approximately
60 um. In the fusion zone, fine and elongated grains with diameters ranges from 8 to 12 pm and length
from 80 to 120 um were developed. Each grain from the HAZ acted as a nucleation site for ten or more
grains that were developed in the fusion-zone. The tensile testing showed a decrease in the mechanical
strength of the welded joint by 6.4% and in the ductility by 16.5%. The hardness measurement
revealed a decrease of hardness in the weld and HAZ from 285 HVo.05 in BM to 225 HV 5 found in
the weld centre (Figure 11) [57].
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Figure 11. TIG welded Al0,5CoCrFeNi alloy: a) microstructure;
b) hardness; c) stress-strain curve [57]

Also, Sokkalingam R. et al. investigated the weldability of the AlosCoCrFeNi alloy on plates of 1
mm thickness during the LBW process with a laser beam power of 1.5 kW and welding speed of 600
mm/min. Due to the reduced thickness of the plates and to the low laser beam power, which caused the
fast heating and cooling of the welded joint, a refinement of the grains developed in the weld has
noticed (Fig. 12) [58, 59]. The spectral analysis showed no significant segregation of chemical
elements in the fusion zone, excepting Al and Ni. Because of this interdendritic separation, a decrease
of hardness in the weld has been observed as figure 12 lays out [58].
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Figure 12. Laser Beam welded Al0.5CoCrFeNi alloy:
microstructure and micro-hardness [58], [59]

The weldability of AlxCoCrFeNi alloy, where x = 0.6 and x = 0.8, during EBW has been analysed
by Nahmany M. et al., too. Two samples were carried out with similar welding parameters (1...4 mA
amperage, 60 kV voltage, 1 m/min welding speed, and the beam diameter of 0.3 - 0.5 mm). Based on
the microstructural analysis, a decrease of the size of the dendrites, from 60 um in the base material to
2 um in the weld area, was found. Besides, the hardness increased by 28% in the alloy with 6% Al
(P3) and by 34% in the alloy with 8% Al (P2). Figure 13 shows the microstructure, the HVo.1 micro-
hardness profile for both samples and the macrostructure of welds achieved for the welding current
ranging from 1 mA to 4 mA [60]. It is obviously that increasing the amperage, the weld depth
increases as well (Figure 13 c, d).
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Figure 13. Electron Beam welded AIxCrFeCoNi alloy: a) microstructure;
b) micro-hardness; ¢) macrostructure of the 8% Al welded alloy; d) macrostructure
of the 6% Al welded alloy [60]

Another welding technique that was employed by Zhu Z.G. et al. in the study AICrFeCoNi alloy
weldability was FSW. The CoCrFeNiAloz alloy plates of 30x10x2 [mm] dimensions were joined,
applying the welding speed of 30 mm/min and 50 mm/min, a rotational speed of 400 rpm and a load
force of 14.7 KN. The rotating element had the shoulder diameter of 12mm, pin diameter of 4mm and
length of 1.8mm. The microstructure analysis revealed an increase of the grains from the initial size of
111 pm in the BM to 132 um in the Thermo-Mechanically Affected Zone (TMAZ) caused by diffusion

Rev. Chim., 71 (3), 2020, 219-233 228 https://doi.org/10.37358/RC.20.3.7991


https://revistadechimie.ro/
https://doi.org/10.37358/Rev

Revista de Chimie i @
https://revistadechimie.ro @
https://doi.org/10.37358/Rev. Chim.1949 e

in this area of heat developed during welding. On the other hand, due to the dynamic recrystallization
phenomenon, fine grains, whose size is 2.79 um in the sample performed with the welding speed of 50
mm/min and 2.66 pm in the sample performed with the welding speed of 30 mm/min, were observed
in the Stir Zone (SZ). Consequently, higher values of hardness have been found in the SZ, as Figure 14
shows [61].
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Figure 14. FSW welded CoCrFeNiAlO0.3 alloy: a) hardness;
microstructure in b) BM; c) TMAZ; d) SZ [61]

3.4. CoCrFeNi High Entropy Alloy

CoCrFeNi alloy is another HEA which is suitable for cryogenic applications. After the alloy
undergoes a thermo-mechanical treatment, good mechanical properties, such as 680 MPa yield
strength, 1260 MPa ultimate yield strength and a 60% elongation to failure, are determined at
temperature of -270°C [62]. Zhu Z.G. et al. studied the weldability of CoisFe2sNizsCrzs alloy, using
plates of 30x10x2 [mm] dimensions which were welded by FSW. The welding process parameters
applied to achieve the samples were a rotational speed of 400 rpm, a welding speed of 30 mm/min and
50 mm/min, and a load force of 14.7kN. The rotating element had the shoulder diameter of 12 mm, pin
diameter of 4mm and length of 1.8mm. Similar to the previous case, the most refined grains have been
found in SZ. Besides, due to the larger strain rate and to the reduction of heat amount generated in the
SZ and, consequently, due to the decrease of the maximum temperature reached in this zone, the grain
size is smaller when the welding speed increases. Also, another effect of refining the grains in SZ, an
increase of hardness from 174 HV in BM to 250HV in SZ was noticed. In both studies, the presence of
the chemical element W was found in the SZ caused by the rotating tool wear (Figure 15) [63].
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Figure 15. FSW welded CoisFe2sNi2gCrog alloy: a) microstructure
welding speed of 30 mm/m); b) microstructure (welding speed of 50mm/min);

c) hardness [63]
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3.5. AICrFeMnNi High Entropy Alloy

Based on the state-of-the-art focused on HEAs materials behaviour during welding, the authors
designed and applied a new procedure for welding HEA. Plates of AIxCrFeMnNi HEA (x=0.8) and
AICrFeMnNix HEA (x=1.4), having 6 mm thickness, without edges machining, were joined by
SMAW technique. The electrode Bohler FOX CN 22/9 N with diameter of 4 mm and the chemical
composition consisting of C=0.03wt.%; Mn=0.8wt.%; Cr=23wt.%; Ni=9.0wt.%; Mo=3.2wt.%, and
N=0.17wt.% was selected to be employed for welding the new HEAs. The main process parameters
were 120 A amperage, 34 V voltage, and welding speed of 12 cm/min. The microstructural analysis of
the AlxCrFeMnNi alloy joint showed the presence of crack in HAZ (Figure 16a), the reason being the
high brittleness of the material. Figure 16b reveals the brittle fracture mechanism which is responsible
for the fast propagation of crack without apparent plastic deformation before fracture. The experiments
demonstrated that the other HEA (AICrFeMnNix) has good weldability and compatibility with the
Bohler FOX CN 22/9 N filler material, conclusion supported by the lack of cracks or other
imperfections in the welded joint areas (Figures 16¢ and 16d). The investigation of hardness showed
an increase from 546 HVo. in the AlxCrFeMnNi base material up to 576 HVo.2 in HAZ. In the case of
the AICrFeMnNix HEA, the hardness value increased from 350 HVo.2 in base material to 453 HVo_ in
HAZ. Given the identical filler metal used for welding, the maximum hardness in both weld areas was
282 HVo..

Figure 16. Cross section of AlxCrFeMnNi and AlCrFeMnNix welded samples:
a) crack initiated on fusion line between weld and AlxCrFeMnNi base material;
b) brittle fracture surface of AlxCrFeMnNi HEA,; c) macrostructure of deposition by
welding on AICrFeMnNix alloy; d) HAZ of AICrFeMnNix alloy

4.Conclusions

Based on the study related to welding of High-Entropy Alloys, several important conclusions can
be highlighted, as follows:

= Due to the ability to maintain their properties at extreme temperatures, the High Entropy Alloys
have a much larger applicability in the industry than the traditional (ordinary) alloys;

= Employing fusion welding sources with concentrated energy, as well as thermo-mechanical
welding processes, high quality joints of CoCrFeMnNi, AlICoCrCuFeNi, AICrFeCoNi CoCrFeNi
alloys, without filler material, can be achieved. Because of high brittleness of the AIxCrFeMnNi alloy,
cracks may occur in the HAZ of the joint performed by SMAW. Applying similar welding conditions,
the AICrFeMnNix alloy shows good weldability which is demonstrated by the lack of defects in the
joint areas.

= Using the FSW technique, the hardness in the Stir Zone increases due to the development of
fine grains in this area. Employing the TIG and SMAW welding processes, a decrease of hardness in
the fusion zone was noticed. When LBW and EBW were applied to join the HEAS plates, the hardness
profile is strongly influenced by the chemical composition of the alloys.
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= Generally, a degradation of the HEAs mechanical properties was noticed, but this is an
expected effect caused by welding. However, an appropriate selection of joining technique, as well as
an optimal combination of process parameters led to performing quality joints.

Future research will focus on studying the improvement of mechanical characteristics of the
welded joints by applying pre-heating or post-welding treatments.
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