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Abstract

In recent years, interest in HEAs has increased exponentially due to their extraordinary
properties, especially for wear- and corrosion-resistant applications. However, the main
problem involves correctly selecting the HEA composition required for a specific appli-
cation, as most of the data are scattered throughout the literature, and only a limited
number of models accurately predict the properties. Therefore, a database of 415 HEA
alloys (bulk) and coatings obtained using thermal spray (TS) techniques has been created,
compiled from scientific studies over the past 20 years. This tool collects information on
physical, mechanical, and chemical properties, with a particular emphasis on corrosion
and wear resistance. This facilitates material comparison and selection according to the
needs of a specific application. In particular, the database highlights how composition and
deposition technique also affect performance, identifying CoCrFeNi (CGS and in bulk) as
a promising candidate for simultaneous wear and corrosion resistance.

Keywords: high-entropy alloys (HEAs); material selection; HEA coatings; wear resistance;
corrosion resistance

1. Introduction

High-entropy alloys (HEAs) have generated great interest in the research sector since
the beginning of the 2000s, with the work of Cantor et al. and Yeh et al. standing out [1,2].
These types of alloys, composed of five or more main elements in nearly equal proportions
(typically between 5 and 35 at.%), exhibit excellent mechanical, thermal, chemical, and
electrical properties [3-5]. The primary reason for this is the high entropy configuration,
which results in the formation of a solid and stable single-phase structure, providing
them with better performance than traditional alloys [6]. Among all the characteristics,
wear and corrosion resistance are the most outstanding and desired for the widest range
of applications. These enable continuous improvement in industries dealing with these
issues, improving performance and extending the components’ service life, increasing the
potential for industrial applications [7]. Therefore, they are perfect candidates for industries
that require high resistance to temperatures, wear, and corrosion (aerospace, chemical,
and energy); excellent mechanical resistance for high-performance parts (automotive and
tools); durability combined with biocompatibility (biomedical); and high conductivity and
electrical stability (electronics) [8,9].

Similarly, these properties have also favored their implementation as coatings to
enhance the surface properties of various components [6]. These coatings are often applied
using thermal spray techniques, such as Cold Gas Spray (CGS), High-Velocity Oxy-Fuel
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(HVOF), Flame Spray (FS), or Atmospheric Plasma Spray (APS) [10]. This technology has
certain advantages, including its low cost, simplicity of use, scalability, and great industrial
potential, as well as its minimal impact on the matrix [6]. Recent studies also emphasize
the wear and corrosion resistance of these alloys, in this case, those deposited by laser
cladding [11]. As with thermal spray coatings, laser cladding coatings also depend on the
deposition parameters.

Despite the excellent behavior of HEAs, selecting the right one for a specific application
remains a significant challenge. This is primarily because of the large number of possible
element combinations and their effect on the final material properties [12]. Researchers
have also developed models that enable the prediction of the hardness of these alloys
as a function of their composition. Elements such as Al, Ti, Mo, Cr, and V increase the
hardness, and, similarly, the addition of C improves wear resistance [13]. Difficulties
in predicting phase stability also complicate the creation of computer simulation models.
Although some models and simulations already exist (for example, artificial neural network
algorithms [14,15], multi-scale simulation methods [16], and empirical models [17]), it is
important to understand their limitations. These models require the prior existence of large
databases and experimental validations, and present accuracy and scalability problems
linked to high computational cost [18]. Additionally, in the context of coatings, other factors,
such as the particle size of the powder, morphology, and coating method selection, are
critical for their final microstructure, porosity, adhesion, and overall properties [10,19].

To address this problem and facilitate the selection of HEAs and HEA coatings ob-
tained by TS, researchers at the University of Barcelona have developed a new database,
compiling information from the last 20 years and highlighting important physical, mechan-
ical, and chemical properties. The main objective of this database is to provide a useful
and accessible tool for materials comparison and selection (bulk HEAs and HEA coatings)
according to the user’s needs and the required application, with a particular focus on wear
and corrosion resistance. By utilizing data from various studies, this resource will bridge
the gap between the industrial and research sectors. Unlike other previous databases,
which focus mainly on the mechanical properties of bulk HEAs, this database also includes
coatings and integrates critical properties such as corrosion and wear resistance. It also
differentiates between different deposition techniques, crystal structures, and other param-
eters, allowing for direct comparison between different techniques and compositions and
thus facilitating material selection.

2. Methodology
2.1. Data Acquisition and Key Parameters

The data were obtained from the collection of studies published about HEAs’ bulk
and coatings from 2004 to 2024, covering a total of 415 materials. Each material was
characterized based on a set of attributes categorized as numerical and discrete (Table 1),
which cover the most critical aspects of HEAs’ performance for different applications,
facilitating the material selection through data quantification and comparison. To ensure
the consistency of data from different sources for each alloy, the recorded values were
cross-checked with at least two publications, whenever possible. In addition, in case of
different values, the values entered into the database corresponded to a range of values or
an average value. The experimental conditions were recorded whenever possible. For the
corrosion test results, data from a 3.5% NaCl environment were always selected. However,
due to methodological differences, it was not possible to perform a complete normalization
for the wear resistance results. Instead, data from the material used for the test were
included in the database for reference during comparison.
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Table 1. Classification of attributes for material records.

Key Properties and Parameters

Numerical attributes

Compressive yield strength, oy (MPa)
Compressive ultimate strength, o,x (MPa)
Tensile yield strength, o, (MPa)
Tensile ultimate strength, o4 (MPa)
Elongation, € (%)

Density, p (g/cm?)

Hardness (HV)

Young’s modulus, E (GPa)

Coefficient of friction, COF
Volume Wear Rate (mm?3/Nm)

Physical and mechanical

Wear resistance

Corrosion current density, Ioorr (LA/ cmz)

Corrosion resistance .
Corrosion Rate (mm/year)

Discrete attributes

Crystalline Structure

Physical Coating technique deposition

Wear resistance Wear test material

The selected properties enable the evaluation of the material’s resistance to different
stresses and environments, a key factor in high-strength and high-mechanical-contact
applications. They also increase service life, reduce maintenance costs, and facilitate the
correlation between the type of structure and the expected properties. Similarly, the type of
coating also influences the material’s performance and its applications.

The database was created using Ansys Granta Constructor software (Ansys GRANTA,
ANSYS, Inc., Cambridge, UK, 2021) based on data collected from the literature. It was
organized into two main branches: bulk HEAs and HEA coatings. Additionally, bulk HEAs
were divided into five families according to composition (Al-Co-Cr-Cu-Fe-Mn-Ni system
and derivatives, Al-Co-Cr-Fe-Mn-Ni system and derivatives, light metal base, refractory
metal base, and other HEAs), and HEA coatings were divided into four families according
to the coating deposition technique (Arc Plasma Spray-APS, Cold Gas Spray-CGS, Flame
Spray-FS, and High Velocity Oxy Fuel-HVOF). Finally, within the different techniques, the
materials were grouped according to their main components (AICoCrFeNi, AICoCrFeNiTi,
AlICoCrFeNiSi, AlICoCrFeNiSiTi, AICoCrFeMo, AlICoCrNiMo, CoCrFeNi, CoCrFeNiMn,
CoCrFeNiNb, CoCrFeNiMo, and TiNbMoMnFe). Figure 1 shows the organization of the
different HEAs.

2.2. Database Records

The database created by Gorsse et al. [20] was used as the main source of information
for the bulk HEAs, compiling data corresponding to density, crystalline structure, hardness,
compressive or tensile strength, elongation, and Young’s modulus. This was in addition
to the information on wear and corrosion resistance obtained from the investigations of
Zirari and Trabadelo [21] and Shi et al. [22]. In the case of coatings, as the information was
obtained from different studies, Table 2 compiles all the data collected. In addition to basic
characterization information such as structure, type of coating, and mechanical properties,
the search focused on wear and corrosion resistance properties.
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Table 2. Technical data on the mechanical strength, wear, and corrosion resistance of HEA coatings.
HEAs Family HEA Coating Technique Structure Volume Wear Rate ['] Other Properties Corrosion Resistance Ref.
7.2-14 x 1074 mm3/N-m Hardness: 313-409 HV Leorr: 4.7 uA/cm?
AlCoCrFeMo CGS BCC (Al,O3) COF: 0.49 CR: 0.036 mm/year [23-25]
1-5.5 x 1074 mm3/N-m Hardness: 546-632 HV Loorr: 9.8 HA /cm?
AlCoCrFeMo AlCoCrFeMo FS BCC (ALO3) COF: 0.58 CR: 0.064 mm /year [23,25]
0.4 x 107* mm3/N-m Hardness: 670-734 HV
AlCoCrFeMo HVOF BCC (Al,O3) COF: 055 - [24]
Hardness: 377-534 HV
_ —4 3 /N . .
AICoCrFeNi APS FCC+BCC 2239 X (}AOIZ O;r)‘m /N-m (2991;_01?2 glfag Leom: 0.8 1A /cm? [20,26,27]
p: 6.7 g/cm®
Hardness: 504-609 HV
AlCoCrFeNi APS FCC + BCC - 1(; ?11:8(—)1:2%_2;?’21 Leorr: 33.9-81.3 nA /cm? [20,28]
AlCoCrFeNi p: 6.7 g/cm®
—4 3 /N - 177-
AICOCrFeNi APS BCC 13510 (Stézlr)“ /N-m Hard;:ez; gﬁrﬁgl HY Leorr: 0.5 LA /em? [20,29]
Hardness: 635-791 HV
-4 3 /NI, .
AlCoCrFeNi HVOF BCC 44 x 1((’ Alzg:; /N-m . ;?i;’;gpa Leonr: 0.06 A /cm? [20,30]
p: 6.7 g/cm?
—4 3 /N . 571
AlCoCrFeNiSi APS FCC + BCC 0.4 > 10" mm”/N-m Hardness: 571-653 HV ; [20,31]
(SizNy) p:5.7 g/cm
o 0.01-0.6 x 10~ mm3/N-m  Hardness: 418-655 HV
FeCoNiCrSiAlg 5 APS FCC + BCC (WC-Co) COF: 0.55-0.65 - [32]
. . 0.07-0.4 x 10~* mm3/N-m Hardness: 439-666 HV
FeCoNiCrSiAlg APS FCC + BCC (WC-Co) COF: 0.55-0.65 - [32]
AlCoCrFeNiSi 1 3 Hord 126568 IV
o 0.08-0.35 x 10~* mm~°/N-m ardness: 426-56
FeCoNiCrSiAly 5 APS FCC + BCC (WC-Co) COF: 0.55-0.65 - [32]
. . 12.9 x 10~* mm3/N-m Hardness: 500 HV
FeCoCrNiAlg 5Sig 5 APS FCC + BCC (SisNy) COF-: 048 - [33]
. . 83 x 1074 mm3/N-m Hardness: 669 HV
FeCoCrNiAlg 5Siy o APS FCC + BCC (SisNy) COF: 0,40 - [33]
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Table 2. Cont.
HEAs Family HEA Coating Technique Structure Volume Wear Rate ['] Other Properties Corrosion Resistance Ref.
—4 3 /NI .
FeCoCrNiAlg sSi; 5 APS BCC 41 1(35131‘33 /N-m Hardcrg;fb?gg HV ; 133]
AlCoCrEeNiSi 2.6 x 1074 mm®/N Hard 1100 HV
. . b X T mm ‘m ardaness:
FeCoCrNiAly 5Si; o APS BCC (SiaNy) COF: 0.25 - [33]
—4 3 /.
NiCoq ¢Feg2Cry 5SiAlTig APS BCC 1210 (Sg“ /N-m Hardness: 429 HV - [34]
—4 3 /NI
AICoCrFeNiSiTi  NigCop ¢Fe2CrSig 2 AlTig » APS BCC 48.6 % 10(Sié‘;m /N-m Hardness: 429-770 HV - [35]
—4 3 /N,
Niig.»Cog ¢Feo »CrSig 2 AlTig» HVOF BCC 5110 (Si‘é‘;“ /N-m Hardness: 450-740 HV ; [35]
- 0.05 x 1074 mm3/N-m Hardness: 599 HV
AlCoCrFeNiTi APS FCC + BCC (ALO3) 0 6.2 g/cmd - [20,36]
- 0.8 x 107%* mm3/N-m Hardness: 642 HV
AlCoCrFeNiTi APS FCC + BCC (SisN) 0: 62 g /e’ - [20,37]
- 0.02 x 10~* mm3/N-m Hardness: 648-812 HV
AlCoCrFeNiTi HVOF BCC (ALO3) 0: 6.2 g/cm - [20,38]
Hardness: 579-641 HV
—4 3 /NI
AlCoCrFeNiTig 5 HVOF BCC 4.8 x 1(() Al g“)‘ /N-m COF: 13 - [20,39]
23 p: 6.4 g/cm3
AlCoCrFeNiTi e 0.55 x 104 mm3/N-m Hardness: 676 HV
AlCoCrFeNiTi/Nig APS FCC + BCC (SisN) COF- 075 - [40]
—4 3 /N].
Aly»Coy 5CrFeNij 5Ti APS FCC + BCC 04 x 1(251 Er;‘ /N-m COF: 0.49 - [41]
31N4
R 0.1 x 107* mm3/N-m Hardness: 393 HV
A10'2C01'5CrFeN11.5T1-5Ag APS FCC (513N4) COF: 0.43 - [41]
Hardness: 735-843 HV
) ) 1.04 x 10~* mm3/N-m COF: 0.75
Al ¢ TiCrFeCoNi HVOF BCC (ALO3) E157 OPa - [20,42]

p: 6.6 g/cm?
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Table 2. Cont.
HEAs Family HEA Coating Technique Structure Volume Wear Rate ['] Other Properties Corrosion Resistance Ref.
. i _ Loorr: 0.01 pA/cm?
AlCoCrMog 5Ni HVOF BCC Hardness: 665 HV CR: 0.004 mm/year [43]
AICoCrNiMo Jem?
. ) . Ieorr: 0.01 pA/cm
AlCoCrNiMo HVOEF BCC Hardness: 665 HV CR: 0.003 mm /year [43]
Hardness: 305-330 HV
—4 3 /N.
CoCrFeNi CoCrFeNi CGS FCC 04 x 1? Al gn; /N-m COF: 0.50 Leory: 0.048-0.08 uA/cm?  [20,44]
23 p: 82 g/cm?
Hardness: 272-382 HV
_ -4 'm3/N-
FeCoNiCrMn APS FCC 2.3-53 X(lefc Cm)m /N-m COF: 0.73 Lot 0.83 LA /cm? [20,45,46]
© p: 8.g/cm3
_ Hardness: 400-460 HV
FeCoNiCrMn CGS FCC L4-49 x 10~ mm’/N-m COF: 0.60-0.80 lor: 11-14 pA/em?® — [20,4547,
(WC-Co) 0: 8 é/cmé CR: 0.001-0.02 mm/year 48]
Hardness: 337-398 HV
—4 3 /NI BB 2
CoCrFeNiMn FeCoNiCrMn cGs FCC 1.9-4.8 x 107* mm~/N-m COF: 0.73-0.80 Leorr: 5.5-6.7 pA/em [20,47,49]
(WC-Co) 0:8g Jem? CR: 0.007 mm/year
Hardness: 390 HV
-4 3 /.
FeCoNiCrMn HVOF FCC 1.2 x 1(OWCfIém) /N-m COF: 0.81 Teorr: 0.29 LA /cm? [20,48]
© p: 8 g/cm3
Hardness: 390-423 HV
-4 3 /.
FeCoNiCrMn HVOF FCC 3.9 x 10~ mm*/N-m COF: 0.55 ; [20,50]
(Al,03) -8 ¢/cmd
p:8¢g/cm
Hardness: 356 HV
-4 3 /.
FeCoCrNiMog » APS FCC 0.4 x 1O(Ste‘:1‘)“ /N-m COF: 0.80 ; [51]
E: 91 GPa
CoCrFeNiMo Hard 390 HY
_4 3 . araness:
FeCoCrNiMog HVOF FCC 475 x 1(2& mm /N-m COF: 0.77 ; [51]
eel) E: 127 GPa
CoCrFeNiNb (CoCrFeNi)gsNbs APS FCC - - Ieorr: 0.07 wA /cm? [52]
. » 2
TiNbMoMnFe TiNbMoMnFe HVOF FCC + BCC - Hardness: 702-1021 Hy  Lorr: 0-045-8.45 pA/em [53]

CR: 0.003-0.12 mm/year

[l Notice that the counter-body used in the wear tests is indicated in parentheses.
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23 HEAs
v [ Bulk HEAs
3 Al-Co-Cr-Cu-Fe-Mn-Ni system and derivates
B8 Al-Co-Cr-Fe-Mn-Ni system and derivates
B3 Light metal base
Other HEAs
[0 Refractory metal base
v BB HEAs Coatings
v BE APS
B8 AlCoCrFeNi family
B AlCoCrFeNiSi family
B AICoCrFeNiSiTi family
B AlCoCrFeNiTi family
B CoCrFeNiMn family
B8 CoCrFeNiMo family
B8 CoCrFeNiNb family
v BB CGS
(23 AlCoCrFeMo family
(23 CoCrFeNi family
(239 CoCrFeNiMn family
v [FS
[ AICoCrFeMo family
v B3 HVOF
B3 AlCoCrFeMo family
B3 AlCoCrFeNi family
BE AICoCrFeNiSiTi family
B3 AlCoCrFeNiTi family
B3 AlCoCrNiMo family
B3 CoCrFeNiMn family
B3 CoCrFeNiMo family
B3 TiNbMoMnFe family

Figure 1. Classification of HEA materials in the HEA database.

3. Results: HEA Database Representation

The new database presents graphical results that help with selecting the best HEAs
and the best HEA coating depending on the requirements, constraints, and free variables.
Different colors represent the different nature, group, or family of the materials. If the
bubble is a dot, this means that there is a single data point in the reviewed literature or
there is consistency among the data available in the literature. If the bubble is longer in one
axis (X), the other axis (Y), or even in both axes (X-Y), this means that there is more than
one value available in the literature. We did not discern the data included in the database;
we just considered the data reported in the literature.

The representation of hardness versus density is crucial to relate these materials
to their potential applications in terms of wear resistance or corrosion resistance. The
hardness varies between 100 HV and 900 HV, and the density varies between 5.25 g/cm3
and 13.5 g/cm3.

Figure 2a shows that most HEAs have an average density of 5.5-8.5 g/cm?, and a wide
hardness range from 100 to 900 HV. Achieving this wide range of hardnesses is one of the
reasons why these materials are so useful for different applications. As a result, researchers
have developed models that allow the hardness of these alloys to be predicted based on
their composition [12]. It was thus established that elements such as Al, Ti, Mo, Cr and
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(@)

Hardness (HV)

(b)

Hardness (HV)

V increase the hardness of the alloy, while others such as Ni, Cu, Co, Mn and Hf weaken
it. This behavior can be observed in the graph, where the highest hardness values are
associated with HEAs rich in Al, Cr, and Mo (particularly those in the AlICoCrCuFeMnNi
and AlCoCrFeMnNi systems) as well as with other compositions containing elements like

V and Ti.
950
900 | | AlCoCrFeMo0.5 .___ AlCrFeNiMo
Al-Co-Cr-Cu-Fe-Mn-Ni system and derivates e
CoCrFeMoNiTiVZr
. . __Other HEAs
700 AFeNiTiVZr Refractory metal base HEAs
AlLiMg0.58cTil.5
600 !
. MoNbTaVW
s | NbTaVW
5 "l
Light metal base HEAs
B i MoNbTaW
.
300
200
! ———T"

100 Al-Co-Cr-Fe-Mn-Ni system and derivates

50

2 25 3 35 4 45 5 55 6 65 7 75 8 85 9 95 10 105 11 115 12 125 13 135 14

Density, p (g/cm?)
950
900 !
Al0.6TiCrFeCoNi
AlCoCrFeNiTi

800 H - A!.CoCIFé.\H —li;gl:j:locnly Oxygen Fuel (HVOF)

i AICIC.oFeNiTi 4 . '
700 Fooild bt oy

AlCoCrFeNiSi
-~ '

600 d B R N TV e —:j—/)l -__(ok, Gas Spray (CGS)

j i AICOCTFGNITIOS | | CoNiCrMaFe
500 i ; ) S P

! ! \ ';/Fec:mic:rMu P

FeCoCrNiAl = / CoCrFeNiMn H Atmospheric Plasma Spray (APS)
400
( " FeCoNiCrMn
300
: CoCiFeNi
HEAs Coatings B> et
200 A b fe(:o}li(_‘n\,[".
100
50 T T
2 25 3 35 4 45 5 55 6 65 7 75 & 85 9 95 10 105 11 115 12 125 13 135 14

Density, p (g/cm?)
Figure 2. Hardness as a function of density for: (a) the whole HEA database, (b) HEA coatings.

This type of material offers advantages in applications such as automotive, structural
materials, cutting tools and high-temperature components. Furthermore, it was observed
that refractory HEAs with elements such as Mo, Nb, Ta, and W have very high densities.
These compositions provide greater resistance to high temperatures, ideal for applications
in steam turbines [54]. On the other hand, light metal base HEAs contain low-density
elements (<5 g/cm?®) such as Al, Mg, Si, Ca and Li [55]. This type of HEA is very interesting
for fields involving structural materials, such as aerospace or automotive.
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Young’s modulus (GPa)
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2609
240§
2204
2004
1804
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120§
100§
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604
401
204

Regarding coatings (see Figure 2b), it was seen that HVOF coatings are harder, even
when comparing HEAs with the same composition. This is because when the powders
are deposited at high temperatures and speeds, the coatings obtained are quite dense
and have low porosity, which makes them harder [56,57]. Then there is the group of
APS coatings, with a slightly lower hardness, since the particle deposition speed is lower,
which increases porosity [57]. Finally, CGS coatings have a hardness between 300 and
450 HV. CGS operates at lower temperatures, which prevents the formation of hard oxide
phases that contribute to increased hardness and limits the appearance of hardening by
precipitation or other thermally induced reinforcement mechanisms [7]. Although limited
in comparison with other systems, some recent studies have explored cold-sprayed Al-rich
HEA, demonstrating their potential to improve hardness and wear resistance [25,58]. These
studies highlight the need for further research to fully characterize their performance under
different processing conditions.

Almost no studies have been carried out on this type of coating with powders rich in
elements such as Al, which makes the material harder.

Another important mechanical property of HEAs, which is crucial for its implementa-
tion, is the Young’s modulus (E), which can fluctuate within a very wide range compared
to other alloys. The Young modulus varies between 30 MPa and 260 MPa.

In addition, E can be very different from the modulus of any of the constituent
elements [59]. Figure 3 shows that there is a linear relationship between the density of
these alloys and their stiffness in tension, especially for HEAs in the AICoCrFeMnNi and
AlCoCrCuFeMnNi systems.

Light metal base HEAs

Al-Co-Cr-Cu-Fe-Mn-Ni system and derivates

Al-Co-Cr-Fe-Mn-Ni system and derivates CoCrFeNi
C

Other HEAs and CCAs

MoNbTaW
; g
CoCrNi MoNbTaVW
CrCuFeMoNi
oCrMnNi .
N b «

NbTaVW

/.0’. o | HEAs Coatings

Refractory metal base HEAs

2

2.5

=
2

35 4 45 5 55 6 65 7 715 8 85 9 95 10 105 11 115 12 125 13 135 14

Density, p (g/cm?)
Figure 3. Young’s modulus as a function of density for the whole HEA database.

The high stiffness of HEAs in these groups is noteworthy, particularly those containing
elements such as Cr, Ni, Co, and Fe. Likewise, the highest values were those of the
refractory materials, thanks to the presence of elements such as W, which also gave them
greater density. On the other hand, HEAs based on light metals or with a high Al content
exhibited lower Young’s modulus values, which indicates that they are more flexible and
more easily deformed.

Furthermore, the type of crystalline structure has a significant effect on the mechanical
properties of these high-entropy alloys [60]. In general, HEAs with an FCC structure are
more ductile and can deform before fracturing. BCCs, on the other hand, are more resistant
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and harder. Thus, dual-phase HEAs with a BCC + FCC structure make it possible to obtain
a type of material that combines these properties. Figure 4 summarizes the effect of the
structure type on the physical and mechanical properties of HEAs. It was observed that the
hardest HEAs had BCC structures or a structures that were a combination of FCC + BCC.
(a) 1100 —
FeCoCrNiAl0.5Si2.0
10004 { - TiNbMoMnFe
AlCrFeNiMo
900 i 3
i FeCoCrNiAl | AlC00.5CrFeMo0.5Ni
8004 FECONICRIALNLS 1 Al0.2Col.5CrFeNil.5Ti
FeMoNiTiVZr Al0.5CoCrCuFeNiTi2
= " ./
- 700 \ =
: 'I. \ I.llll AILiMg0.5ScTil.5 N AlCoCuFeNbNi
1
£ 600 ! . * / L\
= : [
e ' ' ' AlCo2CrFeMo0.5Ni
< 5007 N A CoNicrMaFe i sy
= 5 , — L CoFeMoNil.8V
]
400 z! % L '
\ CoCrCuFeNi 1 .
.
300 ' -
| ]
b
100 } ; ! } } \ } } }
B2+Im BCC BCC BCC BCC+ FCC FCC  FCC+ FCC+ FCC+ pec+ FCC+  FCC Im
+B2  +Im HCP +B2 BCC BCC+ BCC+ pyep HCP+ +Im
+Im B2 Im Im
Crystalline Structure
(b) 14
F—MoNbTaW
13
NbTaVW
1
L NbTaTiVW
11
1
o H CrCuFeMoNi
g 10 i :
b5 u‘ AIHINbTaTiZr / AlCoCrFeMo0.5Ni2 CoCuFeNiSn0.07
M
8 9 / / :
: |‘ e : / - I IthoFeMoOleV
5 8JAICiFeNiMo T AlCTFeNiMo0.5 ‘\ "'-q, Al0.7C00.3C1FeNi
.‘a / 1 "‘) / i, Al0.5CoCrCuFeNiTi2 8L
R L / o 1 “\b“ : e 5
o \ \\ '\. . CoCrFeNiTi \ l\ "y '
=] 6 A ' ] ' \ AICTLSNGTIV | 1
1
\ \ MoO.3Nb'l"iVZr ! \ A
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Figure 4. (a) Hardness, (b) density, and (c) compressive strength as functions of crystalline structure
for the whole HEA database.

Likewise, the highest density HEAs were those with BCC crystalline structure and
derivative structures, which corresponded to the refractory materials. These were also
the ones that achieved the highest compressive strength values, although it is worth
mentioning that some HEAs from the AlICoCrFeMnNi and AlCoCrCuFeMnNi systems had
an FCC + BCC structure.

Regarding coatings, as mentioned above, wear and corrosion resistance allow a wide
variety of applications for these materials. Figure 5 shows the volume wear rate and
corrosion current density of these materials as functions of density, as well as the corrosion
and wear resistance grade as a function of the values obtained.

Wear resistance is a property that can vary significantly depending on the material
used in the test, the conditions, and the environment. In addition, performance may also
differ depending on the intended application. HEAs, thanks to their much higher hardness
than other alloys, are twice as resistant to wear than conventional alloys [4]. However, this
is not the case when the material is deposited as a coating. Thereby, additions of elements
such as Al and Ti also increase the wear resistance of HEAs, as well as ceramic oxide
coatings (e.g., Al,O3, Cr03, TiO,) [4,61]. For all the values collected for the database, it has
been established that values lower than 10~* mm?®/Nm are usually considered indicative
of good wear resistance [62]. Although this value may vary depending on test conditions,
it provides a useful benchmark for comparing the performance of HEAs.
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Figure 5. (a) Volume wear rate, and (b) corrosion current density as functions of density for HEA
coatings [Y-axes are shown on a logarithmic scale to better visualize the range of values].

To determine the corrosion current density (Ir), in all cases, a solution of 3.5 wt.%
NaCl at room temperature was used. The calculation of this value for a material indicates
the corrosion level, based on the values resulting from the work of the RILEM TC 154 EMC
committee [63]. Thus, I,y values greater than 1 pA/ cm? indicate a high-moderate degree
of corrosion, values between 0.1 and 1 indicate an improvement in corrosion resistance, and
values below 0.1 reflect negligible corrosion penetration in the material under study. It was
observed that HVOF coatings showed better corrosion resistance than APS coatings. CGS
coatings, on the other hand, showed values ranging from moderate to excellent resistance.

4. Applications
4.1. Wear Resistance

In the scenario of selecting a coating material for wear resistance, Figure 6a shows
that there are several options that are convenient for this approach, depending on the
coating technique used to apply it. If APS is applied, the most wear-resistant material is
FeCoNiCrSiAly 5. However, when applying CGS, the most convenient material is CoCrFeNi.
Nevertheless, Aly ¢ TiCrFeCoNi is the most suitable material for resisting wear degradation
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if HVOF is applied. Finally, the FS technique has been underexplored in the context
of HEA coatings for wear resistance, as there is a limited amount of information in the
literature. Therefore, a conclusive evaluation of its performance cannot be conducted. For a
better comparison, the bulk alloys are also shown in Figure 6b to determine the effect of
coating deposition on this property. It was observed that the majority of HEAs with good
corrosion resistance are those that contain AICoCrFeMnNi and AICoCrCuFeMnNi and
their derivatives. The one HEA with the best wear resistance result is CoCrFeMnNiC 4.
This demonstrates that the results for coatings are in a similar range to those for bulk alloys.

( a) 100 -
[ ]
g
> 2
--Z-. 10 e H - g-g
Ly} =]
g g
2
= 5 2
]
1
X |
=1 1 ]
-
e AICoCTFeNiTi/NiS0
S 1 AlCrCoFeNiTi - ¥
w Sy // AlCoCHFeNiSi A =
e 1
o 4 CoCrFeNi Al0.6TiCrFeCoNi L
-4 N 1.5 4 ¢ B
= FeCoCiNiMo0.2— A I o A CONCRIALL v E——— AICoCiFeMo | 7 2
] // g )
> // 2 L
3 Al0.2Co1.5CTFeNil.5Ti AlD.2Col 5CrFeNil.5Ti-5A%
w 0.1 -
= B—— AlCoCrFeNiTi 2
) i =
= AlCoCHFeNiTi - £ €
FeCoNiCrSiAl0.5 —} v z
(]
0.01 - .
APS CGS HVOF FS
Coating
(b) 1000 =
1 AICoCrCuFeMnNi system
I AlCoCrFeMnNi system
]
—_— M Il Refractory metal base
Z 100
=
o E -
E AlD.6CoCrFeNi - (S 8
] 5 CoCrFeMnNi ERE
AN \ ]
1 Sy, '\I Al0.4FeCINiCol1.0 s
— 10 N
[ ~
: L] o ' KecochiMuall 0 / All} ﬁCﬁC:‘CuIe\:\I}"
S []
o I | Al0. “(c(r(uFe\l\IO
=1 \
3 | / I Al0.5CoCICUFENiVL.2 “FeNi
[~ I /| AlCoCiFeNi ‘ A CrFeNiAl0.ATi0.2
/ p:
:-. 1 i I { =
8 s |‘ AIO SCOCICIFeNiV20 —
35
a AlC“‘:‘F""‘I‘JD SNi //lj ! " f/ s S CoCHCuEeNi £32
iy ” b o O
@ Alareenicos” /[ , 7 // g5
E -~ AICOCHFeD.6Mo0.5Ni S AAY A 2C01 SCiFeNil STio.5 83
Al0.4FeCINi ' kg .
-El 0.1 ’r' / CoCrFeNi / — a
§ ’ v /' Acocwebos AI0.2CoL SCHFeNiLSTi g
Al0.4FeCrNiCoD25 [ . ) & B
S / A10.25Ti0.75CoCiFeNi ! -5
AlCoCrFel.5Mo0.5Ni | i
CoCrFeMnNiC0.6

Figure 6. Wear resistance of coating material available in the new database for (a) HEA coatings and
(b) bulk HEAs [Y-axes are shown on a logarithmic scale to better visualize the range of values].

4.2. Corrosion Resistance

In the scenario of selecting a coating material for corrosion resistance, Figure 7a
shows that there are several materials with potential for use in resisting corrosion. For
this approach, depending on the coating technique used to apply the coating, there are
several options. If APS is applied, the most corrosion-resistant coating is (CoCrFeNi)gsNbs.
However, when applying CGS, the most suitable material is CoCrFeNi. This is the same
coating as those existing in the database, applying CGS with the best properties against
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wear conditions. Nevertheless, AICoCrNiMo and AICoCrMog5Ni are the most suitable
materials for resisting wear degradation when HVOF is applied. Finally, again, the lack of
available data on flame spray coatings in corrosive conditions suggests that this method
remains insufficiently studied. Therefore, no definitive conclusions can be drawn, and
further research is needed. Regarding bulk alloy performance, the highest corrosion
resistance is exhibited by alloys from the AICoCrFeMnNi composition and its derivatives,
as well as certain refractory alloys. In this context, CoCrFeNi appears to be the most
corrosion-resistant material. When comparing these results with those of the coatings,
a comparable level of corrosion resistance is observed (see Figure 7b).
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Figure 7. Corrosion resistance of coating material available in the new database for (a) HEA coatings
and (b) bulk HEAs [Y-axes are shown on a logarithmic scale to better visualize the range of values].

4.3. Corrosion and Wear Resistance

In the scenario of selecting a material for corrosion and wear resistance at the same
time, there are several bulk and coatings available, as shown in Figure 8. The corrosion
resistance versus wear resistance of available HEA materials is summarized as follows: the
upper left quadrant shows poor wear resistance and good corrosion resistance, the upper
right quadrant shows poor wear resistance and moderate corrosion resistance, the lower
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left quadrant shows good wear resistance and corrosion resistance, and the lower right
quadrant shows good wear resistance and moderate corrosion resistance. Therefore, the
coating in the lower left quadrant is the best candidate, exhibiting superior simultaneous
corrosion and wear resistance—in this case, CoCrFeNi sprayed by CGS, and AICoCrFeNi
and CoCrFeNi in bulk. This means that the application of CoCrFeNi as a cold spray
coating exhibits hardly any loss of corrosion and wear resistance compared to the same
bulk material.
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Figure 8. Wear resistance vs. corrosion resistance of HEA materials available in the new database
[Y-axis is shown on a logarithmic scale to better visualize the range of values].

Additionally, the upper right quadrant displays the worst materials for corrosion-wear resistance.

Finally, the upper left quadrant includes materials with good corrosion resistance but
inadequate wear resistance. These include APS coatings (FeCoCrNiAl and FeCoNiCrMn),
bulk alloys (Alp3CoCrFeNi and CoCrFeNiMoy ), and HVOF coatings (AlICoCrFeNi and
CoCrFeNiMn). It is important to highlight that HVOF coatings achieve better results
than their APS-deposited counterparts. Remarkably, there are few data for simultane-
ous corrosion and wear performance in the database, and this analysis is based on the
collected data.

5. Conclusions

This work has focused on the development of a database of 415 HEA bulks and
coatings, aiming to facilitate their selection according to their material properties (physical,
mechanical, and chemical) and the desired application, especially those requiring high
wear and corrosion resistance. The results obtained, based on the compilation of different
bibliographic sources, suggest the following key conclusions:

e  Composition and microstructure directly affect the material’s properties. BCC or FCC
+ BCC structures are harder and more compressive-resistant, while FCC structures
are more ductile. Likewise, adding elements such as Al, Ti, Mo, Cr, and V also
increases hardness. This enables the design of alloys with properties that adapt to the
industry’s requirements.

e In terms of coatings, the deposition technique has a significant influence on perfor-
mance. HVOF coatings tend to be harder and denser because of flame tempera-
tures and deposition speeds. On the other hand, APS coatings, due to their greater
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References

porosity, are slightly softer. Finally, CGS coatings have the lowest values and need
more optimization.

e  The wear resistance of HEAs is generally high compared to that of commercial alloys,
highlighting the good results of the AICoCrFeMnNi and AlCoCrCuFeMnNi systems.
The best bulk material is CoCrFeMnNiCy . However, this can change depending on
the coating deposition parameters. Likewise, adding elements such as Al or Ti and
ceramic oxides improves resistance, and FeCoNiCrSiAly 5 is the best coating sprayed
by APS, CoCrFeNi is the best HEA sprayed by CGS, and Al ¢ TiCrFeCoN:i is the best
HEA sprayed by HVOE

e  The corrosion resistance of HEA coatings is excellent compared to that of other mate-
rials, indicating greater stability in aggressive environments. The best materials are
those with a composition of AICoCrFeMnNi and derivatives, the most superior of
these being the CoCrFeNi alloy. Regarding coatings, HVOF coatings obtained better
results than APS coatings; meanwhile, CGS coatings exhibit an intermediate range of
values. Therefore, CoCrFeN is the best HEA for corrosion resistance sprayed by APS,
CoCrFeNiMn is the best HEA sprayed by CGS, and CoNiCrMnFe is the best HEA
obtained by HVOE.

e If there is a need for both corrosion and wear resistance at the same time, the main
HEA candidate with the highest potential reported in the literature is CoCrFeNi.
However, the number of HEA compositions currently in development is increasing
exponentially, and these conclusions will need to be updated in the near future.
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