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Hot corrosion behaviors of Y, Hf-codoped Al,CoCrFeNi (Aly, x = 0.7, 1.0, and 1.3) high-entropy alloys (HEAs)
under NaSO4 + 25 % NaCl molten salts at 900 °C were investigated and compared with those of the conven-
tional NiCoCrAl alloy. The results show Al ¢ and Al; 3 with spinodally decomposed structure of A2 + B2 phases
possess significantly enhanced hot corrosion resistance than Aly ; with eutectic lamellar structure and NiCoCrAl.

The superior hot corrosion resistance is attributed to the loop-locked coherent phase interfaces in the modulated
structure, along with the improved availability of Al and the high Cr content.

1. Introduction

Hot section components of a gas turbine engine are exposed to harsh
environments such as hot gas stream with corrosive species. Driven by
the demand for enhanced energy efficiency and minimum emission of
pollutants, the future engine has to work under a higher operating
temperature and sometimes in more aggressive environments, which
puts forward higher requirements on the hot corrosion resistance of
materials [1]. Hot corrosion is accelerated oxidation induced by salt
contaminants such as Nay;SO4, NaCl, and V505 depositing on the surface
of the turbine blade [2-4]. NapSOy4 is the main deposit, which is formed
by the reaction between the oxidation products of sulfur in the fossil fuel
(SO2/S03) and NaCl aerosol in the atmosphere [3-5]. If operating under
marine environment, NaCl ingested by the engine plays a critical role by
decreasing the melting point of eutectic mixtures with NaySO4 to 620 °C
and accelerating hot corrosion by forming volatile metal chloride [2,6].

Nickel-based superalloy is widely used in gas turbine engines. To
maintain its excellent high-temperature creep strength, Al and Cr, the
two elements offering resistances to oxidation and hot corrosion
respectively, must be kept in a low concentration [7]. Therefore,
oxidation- and corrosion-resistant coatings are usually applied to protect
the superalloy. MCrAlY (M = Ni and/or Co) coatings, which have a good
balance among oxidation resistance, hot corrosion resistance, and
ductility, have been widely used as standalone overlayers and bond coat

* Corresponding authors.

in thermal barrier coatings (TBCs). Researchers have made lots of efforts
to improve the hot corrosion performance of MCrAlY coatings by adding
modification elements such as Si [8], Ta [9,10], Re [11], Pt [12], or by
designing novel structure such as SMARTCOAT [13], nanocrystalline
coating [14] and Al gradient structure [15].

AlCoCrFeNi, a type of high-entropy alloys (HEAs), has attracted
considerable interest due to its adjustable microstructure and excellent
mechanical properties [16-18]. With high levels of Al and Cr, AlCoCr-
FeNi HEAs are expected to have high resistance to both oxidation and
hot corrosion. Tsao et al. [19] investigated the type-I hot corrosion
performance of NiCoFeAlCrTi HEAs against NapsSO4 + 25 % NaCl by
both salt-coated and crucible tests and suggested that high Cr content is
beneficial to hindering hot corrosion attack and internal sulfidation.
Butler et al. [20,21] investigated the high-temperature oxidation be-
haviors of AlCoCrFeNi at 1050 °C and found the HEA formed a combi-
nation of AIN and Al,O3 beneath an external CryOg3 scale. It has been
demonstrated in our recent work that Y, Hf-codoped Al,CoCrFeNi HEAs
have excellent oxidation and spallation resistance at 1100 °C with low
parabolic rate constants for about 2 x 10713 g2 em™s! at 1100 °C, which
is the same order of magnitude as NiAlHf and RE doped FeCrAl [22-24].
It is therefore interesting to investigate the hot corrosion behaviors of Y,
Hf-codoped AlCoCrFeNi HEAs and to reveal the underlying corrosion
mechanism(s).

Here we prepared Y, Hf-codoped Al,CoCrFeNi (x = 0.7, 1.0 and 1.3)
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HEAs by arc-melting and investigated Type-I hot corrosion behaviors of
these alloys under mixed salts (75 wt % NaySO4 + 25 wt % NaCl) at
900 °C. The conventional NiCoCrAl alloy was also studied for compar-
ison. Results show HEAs with spinodally decomposed structure possess
superior hot corrosion resistance. They also have excellent performances
to defend internal sulfidation and oxidation, as well as to maintain the
integrity of the alloys after long-time hot corrosion. Results from this
work provide a new insight into the design of hot corrosion resistant
materials and shed light on the potential application of AlICoCrFeNi as
hot corrosion resistant coating, bond coat in TBCs, and structural-
functional integrated alloy working at high-temperature.

2. Material
2.1. Materials preparation

Al,CoCrFeNi (x = 0.7, 1.0, and 1.3) HEAs were prepared by arc-
melting. NiCoCrAl with the same elemental composition as commer-
cial Amdry 365, Oerlikon Metco, was also prepared for comparison. All
the alloys were doped with 0.05 % Y and 0.05 % Hf. The specific
chemical compositions for the as-cast alloys are listed in Table 1.

The above cast alloys were prepared by arc-melting the mixture of
the high pure metals (99.99 wt %) in water-cooled copper hearth under
a Ti-gettered high-purity argon atmosphere. The ingots were flipped and
remelted five times to ensure compositional homogeneity. All the as-cast
ingots were homogenized at 1250 °C for 5 h in an argon atmosphere
with 5 °C min~! for both heating and cooling. After homogenization,
cylindrical specimens (diameter of 11.5 mm and thickness of 3 mm)
were cut from the ingots by wire cutting, and ground by #240, #400,
#600, #800, #1000 SiC sandpapers in sequence. All samples were
cleaned sequentially by deionized water, alcohol, and acetone in an
ultrasonic bath for 3 min for each step before hot corrosion tests.

2.2. Hot corrosion test

The sample was heated on a 120 °C hot plate. Saturated solution of
highly pure Na2SO4 + 25 wt % NaCl mixing salts in deionized water was
sprayed to the sample surface to result in a 2.0 + 0.1 mg cm ™2 solid load.
Subsequently, the sample was put into a crucible. A cap was applied to
cover the crucible to collect the spallation of corrosion products with a
minimum loss. Hot corrosion tests were carried out at 900 °C in static air
in a muffle furnace with an accuracy of +1 °C. After cooling to room-
temperature, the sample was carefully removed from the crucible and
soaked in 80 °C deionized water for 5 min to remove the remaining salts.
Subsequently, the sample was held by a tweezer from the side and
shaken gently to wash away the loose-bonded corrosion products before
taking out from the water. Sample mass before and after corrosion tests,
as well as the mass of spalled corrosion products collected from the
crucible, were measured by an electronic balance with a sensitivity of
107 g to calculate the net and the gross mass gain (definitions are given
in Section 3.2). After the mass measurement, the samples were recoated
with a uniform fresh salt (2.0 + 0.1 mg cm~2) and subjected to the next
round of corrosion test till 160 h.

Table 1
Nominal compositions of the four alloys.

Element (at %)

Materials

Al Co Cr Fe Ni Y Hf
Aly, 14.9 21.3 21.3 21.3 21.3 0.05 0.05
Aly o 20.0 20.0 20.0 20.0 20.0 0.05 0.05
Al 3 24.5 18.9 18.9 18.9 18.9 0.05 0.05
NiCoCrAl 225 19.7 16.5 / 41.3 0.05 0.05
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2.3. Characterizations

Microstructure and composition of the specimens before and after
hot corrosion were analyzed by scanning electron microscopy (SEM,
Mira3, TESCAN, Czech) equipped with energy-dispersive X-ray spec-
troscopy (EDS, Aztec X-MaxN80, Oxford Instruments). The phase
interface of the spinodally decomposed HEAs was analyzed using a
scanning transmission electron microscope (STEM, Talos F200X G2,
Thermo Fisher Scientific, USA) equipped with energy-dispersive X-ray
spectroscopy (EDS) system on the thin lamella of Al; 5 prepared by a
focused ion beam (FIB, GAIA3, TESCAN, Czech).

The semi-quantitative depth profiles of O, S, and Na were charac-
terized by radiofrequency glow discharge optical emission spectroscopy
(GD-OES, GDA750HP, Spectruma Analytik GmbH, Germany) with the
sample not washed after the last corrosion cycle at 160 h. The mass
change was measured by an electronic balance (DV215CD, OHAUS,
USA) with a precision of 107 g. The phase of the surface after hot
corrosion was identified by X-ray diffraction with a 6 mm anti-scatter slit
(XRD, Ultima IV, Rigaku, Japan). Volume fraction of each phase in the
alloys and ratios of spallation/spinel to the whole surface were obtained
by image analysis using Image J software.

3. Results
3.1. Microstructure of HEAs before hot corrosion

Microstructure of the Al,CoCrFeNi (x = 0.7, 1.0, and 1.3) HEAs and
the NiCoCrAl alloy before hot corrosion is presented in Fig. 1. Aly7 is a
eutectic alloy with a face-centered cubic (Al) and ordered body-
centered cubic (B2) two-phase lamellar microstructure [24,25]
(Fig. 1a). Laths in different areas are aligned along with different di-
rections with parallel phase interfaces among the laths in each area. Al; o
and Al; 3 show a spinodally decomposed two-phase structure with FeCr
body-centered cubic (A2) phase particles dispersed in the B2 p-NiAl
phase (Fig. 1b and 1c) [18]. The particles in Al; 3 and Al ¢ are both
micron to submicron in size, but an apparent reduction of particle size
can be observed with increasing x. NiCoCrAl alloy consists of coarse Al
v-Ni phase and a large number of needle-like, fine y phases precipitate in
the B2 §-NiAl matrix. The chemical composition and volume fractions of
each phase in the four alloys are listed in Table 2.

3.2. Surface morphologies and weight changes after hot corrosion

Fig. 2 shows the optical images of the sample surfaces after hot
corrosion at 900 °C under NaySO4 + 25 % NaCl molten salts for 0.5, 20,
60, and 160 h, where different spallation behaviors can be observed
among these alloys. At the same corrosion time, spallation decreases
with increasing Al content in the HEAs. For example, Al; 3 has the fewest
spallation sites with the most intact oxide scale during the whole
corrosion process. A few black products formed at the sample edge can
be observed after 160 h corrosion, which is later identified as CoFe;04
spinel. Al o has similar corrosion behaviors but shows more spallation
and earlier formation of spinel than Al; 3. Alg7 shows complex mor-
phologies after 160 h hot corrosion. Catastrophic spallation occurs on
Al 7 with large flaky scales disengaged from the substrate exposing
uneven surface. NiCoCrAl presents different spallation behavior with the
HEAs. (Ni, Co)(Al, Cr)204 spinel can be observed at the very early stage
of hot corrosion (0.5 h). After 20 h, ~ 45 % of the oxide scale has spalled.
The remaining scales consist of (Al, Cr);03 and (Ni, Co)(Al, Cr)204
spinel. After 160 h hot corrosion, large spinel clusters are formed on the
surface with bare metal besides the clusters. A spallation ratio, defined
as the spalled area over the total surface area, and a spinel ratio (spinel
area/total surface area) obtained from image analysis are presented in
Fig. 3, where significantly lower values can be observed in Al; g and Al; 3
than Aly 7 and NiCoCrAl.

Corrosion kinetic curves are presented in Fig. 4. Here two types of
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Fig. 1. Microstructure of the four alloys before corrosion tests: (a) Algy, (b) Aly, (c) Al; 3 and (d) NiCoCrAl. Images were taken under back-scatter electron

(BSE) mode.

Table 2
Chemical composition (at %) and volume fraction of each phase in the four al-
loys before corrosion tests.

Volume fraction Element (at %)

Material Phases
(vol %) Al Co Cr Fe Ni
Al Al 64.2 48 245 280 277 150
07 B2 35.8 335 163 6.9 1.1 322
Al A2 43.9 33 213 377 292 85
10 B2 56.1 328 188 7.7 136 271
Al A2 26.7 45 164 450 291 5.0
L3 B2 73.3 334 194 9.0 143 239
) Al 42.1 72 303 306 / 31.9
NiCoCrAl g, 57.9 356 115 57 / 47.2

mass change were used to evaluate the hot corrosion resistance of the
alloys: 1) net mass gain, defined as the mass change of the alloy after hot
corrosion and 2) gross mass grain, defined as the sum of net mass gain of
the alloy and mass of the spalled corrosion products collected from the
crucible (net mass gain + mass of spallations). As shown in Fig. 4a, Alg 7
has the highest gross mass gain with a steady and steep increase rate
after 40 h. Al; g and Al; 3 have similar gross mass gain before 100 h, but
Al; o shows a faster increase with time than Al; 3 after 100 h when
accelerated spallation takes place. The gross mass gain for NiCoCrAl is in
between Aly 7 and Al .

For the net mass gain, Aly 7 has a negative value, and an accelerated
mass loss during hot corrosion, as shown in Fig. 4b. Catastrophic
spallation occurs after 140 h when oxidation and spallation are too

severe to measure. On the contrary, the other three alloys show positive
or little negative net mass gain after hot corrosion, among which Al; 3
has the highest value.

XRD patterns of the four alloys after hot corrosion for 160 h are
shown in Fig. 5. To avoid the undesirable preferential attack at edges,
namely edge effects [26], only the center areas of the samples were
characterized to reflect the intrinsic properties of the materials. For
Al 7, spinel and CryOg3 are the major reaction products without detec-
tion of Al;Os3. For Al; o and Al; 3, the scales mainly consist of CryO3 and
Aly03. NiCoCrAl has the most complex phase composition with the
presence of Al,O3, CroO3 and spinel.

3.3. Surface morphology after 0.5 h exposure

Surface morphologies of the alloys after hot corrosion for 0.5 h are
shown in Fig. 6. For Alg7, a low-magnification SEM image (Fig. 6a)
shows inhomogeneity both in the remaining oxide scale and the exposed
metal surface after spallation. A high-magnification image of the oxide
scale (Fig. 6b) shows randomly distributed particles with different sizes
embedding in the oxides. EDS analyses indicate the fine, spherical par-
ticles are the Alyy alloy and the large, irregular particles are CrySs. A
high-magnification image of the spalled region (Fig. 6¢) shows the
presence of oxides and pores embedding in the alloy matrix where the
initial B2 phase was. Al; ¢ and Al; 3 show similar surface morphologies
(Fig. 6¢ and 6 g). The oxide layers are both clean and dense (Fig. 6e and
h); the spalled regions show uniaxial grains with randomly distributed
Cr,S3 grains and pores smaller than 1 pm.
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Fig. 2. Optical macrographs of the four alloys after hot corrosion at 900 °C under Na;SO4 +25 % NaCl molten salts film for different times.
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Fig. 3. Respective ratios of spallation and spinel to the whole surface for the
four alloys after 160 h hot corrosion.

NiCoCrAl shows very different surface morphology after 0.5 h hot
corrosion (Fig. 6j). The most noticeable feature is the presence of site-
specific oxidation, that is, dark oxides on the  phase are rich in Al
and grey oxides on the y phase are rich in Cr. A high-magnification
image of the oxide scale shows dense and uniform grains (Fig. 6k),
whereas that of the spalled region (Fig. 61) shows a site-specific corro-
sion of the matrix, in which connected pores around p phase and internal
pores formed in p phase can be observed, whereas y phase retains good
integrity. The bare metal showed uneven morphology (Fig. 6(f)(i)(1),
which may be caused by different corrosion rates on different crystal
orientations [27].

3.4. Surface morphologies after 160 h exposure

Surface morphologies adjacent to the boundaries of scale/spalled

region after 160 h hot corrosion are shown in Fig. 7. Al and NiCoCrAl
show complex corrosion products besides Al,O3 and Cry0s3, that is,
Fe304 and CoFey04 for Alg 7 in Fig. 7(a)(b), and (Ni,Co)(Al,Cr)204 for
NiCoCrAl in Fig. 7(j)(k). These loose corrosion products have weak
bonding with the matrix and no protection to the alloys from hot
corrosion and oxidation. On the contrary, Al; o and Al; 3 have relatively
integrated scales. They show similar morphologies for both oxides and
spallation regions, as shown in Fig. 7d-f for Al; o and Fig. 7g-i for Al; 3.
Al; 3 shows less spallation as well as a smaller number of warped oxide
than All.o.

Apart from the oxide scales, the spalled regions of the four alloys also
show distinct morphologies after 160 h hot corrosion. For Aly 7, as
shown in Fig. 7c, large pores (~ 10 pm) can be observed and some are
partially filled by AlyOs clusters. For Al; o and Al; 3, oxide clusters
smaller than 5 pm are randomly distributed in the alloy matrix (Fig. 7f
and i). For NiCoCrAl, a large number of oxide particles form porous
clusters, fill the cavities, and even protrude from the surface. The sur-
faces of bare metals are round and smooth due to the corrosion by the
molten salts. From the morphologies of the bare metals, molten salts are
more likely to infiltrate Alp; and NiCoCrAl through big pores and cav-
ities filled with the non-protective porous oxides clusters.

3.5. Cross-sectional microstructure and element profiles after corrosion

Fig. 8 shows the cross-sectional BSE micrographs and the EDS
mapping of O and S of the four alloys. The penetration depths of O and S
suggest the attack depths by the molten salts. All the four alloys show
internal attacks with different depths and Al-poor zone beneath the
interface. The specific attack depths of the four alloys after 160 h hot
corrosion are listed in Table 3. NiCoCrAl has the worst inner oxidation
and sulfidation deeply into the matrix, whose corroded depth is the
largest, reaching 135 pm, while corrosion products in HEAs are few and
the corrosion depths are shallow. Aly7 has a medium corroded depth
about 75 pm, but considering its catastrophic oxidation and spallation,
the corroded zone is relatively new in each corrosion cycle compared to
the other three. The distribution of oxides in Alj 7 is mainly along with
the interfaces of B2/A1 phases marked by black arrows in Fig. 8a. Both
Al; o and Al; 3 have shallow corroded depths, not more than 50 pm. The
depths in HEAs decrease with the increasing Al concentration.
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Fig. 4. Cyclic hot corrosion kinetic curves of the four alloys at 900 °C under Na;SO4 +25 % NaCl molten salts film: (a) the gross mass gain (the total mass change of
the samples including the spallations); (b) the net mass gain (only the sample mass change excluding the mass of spallations).
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Fig. 5. XRD patterns of the four alloys after hot corrosion for 160 h at 900 °C
under Na,;SO4 +25 % NaCl molten salts.

Consumption of Al causes an uphill diffusion of Cr from the matrix
towards the corrosion front because lower Al concentration decreased
the Cr activity [28,29]. The Al-poor zone in Al; 3 possesses enriched Cr
concentration, forming a Cr reservoir on the top of the matrix shown as
Fig. 9. A CrS layer forms on the surface of this zone. EDS analyses of the
phase-transformed Al-poor zones in four alloys are listed in Table 4,
from which the Al concentrations in HEAs are only half of the that in
NiCoCrAl. This is a significant advantage because a lower equilibrium Al
concentration meant that Al is better utilized to resist hot corrosion. The
Cr content are also noteworthy, they increase from Alj 7 to Al; 3, and the
contents of Cr in Al; ¢ and Al 3 are higher than NiCoCrAl, which is
beneficial to resist the basic fluxing. But to Al 7, which has the lowest Cr
content while possesses the highest initial Cr content as shown in
Table 1.

The semi-quantitative elemental profiles of S, O, and Na deep into
the matrix by GD-OES in Al; 3 and NiCoCrAl after 160 h are shown in
Fig. 10. The penetration depths of all three elements are much larger in

NiCoCrAl than in Al; 3. Both the depth profiles O and Na in Al 3 are
limited to 20 pm from Fig. 10a (O) and Fig. 10c (Na), while the depths in
NiCoCrAl are 100 pm and beyond 150 pm respectively. The full-scale
range of O is displayed in Fig. 10b. Detection of Na in the deep matrix
and the decreased concentration with the increasing depth indicates a
breakdown of the integrity of the NiCoCrAl matrix, and that the molten
salts directly penetrate the matrix through capillarity action. Penetrate
depth of O is two-thirds of Na, which suggests that the attack of the
liquid molten salts is prior to gaseous air, and the molten salts act as a
barrier to the oxygen from the air at high temperature. S has a deeper
penetration depth and larger concentration than Na both in NiCoCrAl
and Al; 3 because of the diffusion. The concentration of S in NiCoCrAl
reaches a peak at about 0.5 % at the depth of 80 pm, and penetration
depth has beyond 170 pm in Fig. 10a. In Al 3, the existence of S is
limited in 100 pm, but the concentration peak is at the scale/matrix
interface then decreases shown as Fig. 10c, this meant sulfides exist at
the interface and the reason will be discussed later. However, concen-
trations of S and Na in NiCoCrAl increase where the interface should be
at the depth of 10 pm. The reason should be the absorption of the salts by
pores and the existence of internal metal sulfides in the matrix.
Furthermore, opposite concentration trends of the two alloys at the
interface also suggest the breakdown of the matrix and the formation of
the interconnected channels in NiCoCrAl.

4. Discussion

The major findings in this work show that Al; o and Al; 3 have su-
perior hot corrosion resistance than Aly 7 and NiCoCrAl. Al; o and Al; 3
show uniform planar corrosion and have less weight change and spall-
ation, simple (AL, Cr),03 scale, smaller corroded pores in the matrix, and
much shallow internal attacks. Aly 7 experiences catastrophic corrosion,
while NiCoCrAl has the deepest internal attacks and many spinel clusters
on the surface, and both of them show phase interface attacks leading to
deeper corrosion. The three different hot corrosion behaviors imply
different corrosion mechanisms, and the superior hot corrosion resis-
tance of AlCoCrFeNi HEAs will give us useful enlightenment. The
following part focuses on exploring the possible mechanisms responsible
for the superior hot corrosion resistance of Al; g and Al 3.
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Fig. 6. BSE images of the surface morphologies of the alloys after 0.5 h hot corrosion at 900 °C under Na;SO4 +25 % NaCl molten salts focused on different areas: (a),
(d), (g) and (i)the spallation edge of Al 7, Al; o, Al; 3 and NiCoCrAl respectively; (b), (e), (h) and (k) the oxides scale of Al 7, Al; o, Al; 3 and NiCoCrAl, respectively;
(c), (), () and (1) the corroded matrix of Alg 7, Alj o, Al; 3 and NiCoCrAl, respectively.
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Fig. 7. Surface morphologies of the alloys after 160 h hot corrosion at 900 °C under Na;SO4 +25 % NaCl molten salts. (a), (d), (g) and (i) the spallation edge of Al 7,
Al o, Al; 3 and NiCoCrAl respectively; (b), (e), (h) and (k) the oxides scale of Alg 7, Al; o, Al; 3 and NiCoCrAl, respectively; (c), (f), (i) and (1) the corroded matrix of
Alp.7, Aly o, Al 3 and NiCoCrAl, respectively.
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Fig. 8. Cross-sectional BSE micrographs and EDS mapping of S and O in the three HEAs and the NiCoCrAl alloy after 160 h hot corrosion: (a) Aly7; S and O
penetrated the matrix along with B2/A1 phase interface. (b) Al; o; ¢) Al; 3 and d) NiCoCrAl.

Table 3

Attack depths of O and S in four alloys after 160 h hot corrosion (pm).
Elements Alg7 Al o Al 3 NiCoCrAl
(0] 65+ 4 15+5 10+3 135+ 7
S 75+6 45+ 6 25+5 135+ 9

4.1. Hot corrosion process

Compared to oxidation, the hot corrosion rate will increase about
200 times by alkali sulfate, and about 20000 times when the alkali
chlorides are present causing scale blistering and spallation [30]. The
electrochemical reaction in hot corrosion is complex when mix salts
meet multi-component alloy, but the major reactions can be drawn with
the help of thermodynamics.

4.1.1. Corrosion by chlorine
Mechanism of hot corrosion attack induced by sodium chlorides is

termed as “active oxidation” or chlorine cycle” [30-32]. Generation of
chlorine is described by the following reaction:

ACI 4 0,(g) = 20* +2C1L(g) @

The released chlorine will diffuse through the porous scale and the
molten salts, and then attack the alloy to form volatile metal chlorides at
the scale/metal interface, where the oxygen activity is low. The reaction

Table 4
Chemical compositions of the Al-poor zone in four alloys after 160 h hot
corrosion determined by SEM-EDS analysis (at %).

Elements (at %)

Materials

Al Co Cr Fe Ni
Aly 7 4.7 27.1 18.3 24.9 25.0
Al 45 24.6 25.4 28.5 16.9
Al 3 4.3 24.0 26.3 31.8 13.6
NiCoCrAl 8.5 26.2 22.4 / 41.5

Fig. 9. BSE micrograph and corresponding EDS mapping of the corrosion front in Al, 3 after hot corrosion under Na,;SO4 + 25 % NaCl film at 900 °C.
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is described by:

M + Cl(g)->MCl.(g) (M = Al, Cr,etc.) 2)

According to the standard Gibbs free energy of formation (AG}’) at
1200 K (AICl3 (-347.1 kJ/(mol Cly) !, CrCly (-252.4 kJ-(mol Cly)},
CrCl; (-207.1 kJ-(mol Cly)t, FeCls (-101.6 kJ-(mol Cly)!, CoCl, (-145.3
kJ-(mol Clp)?, and NiCl, (-123.5 kJ-(mol Clp)™) [33], metal chlorides
convert to metal oxides by reacting with oxygen at the gas/salts inter-
face where the oxygen partial pressure (p,,) is sufficiently high:

AlCl; < CrCl, < CrCly < FeCly < CoCl, < NiCl,

Therefore, chlorine reacts with Al selectively. When Al is consumed
to a critical concentration, the reaction between chlorine and Cr be-
comes prior. Finally, other elements such as Fe, Co, and Ni are chlori-
dized. A large amount of AlCl3 volatilizes consuming Al and forms an Al-
poor zone at the corrosion front. As oxides are more thermodynamically
stable than their corresponding chlorides, that is, a lower standard Gibbs
formation free energy (Al;O3 (-1295.0 kJ-mol™!), Cr,05(-826.0
kJ-rnol’l)) [33], metal chlorides convert to metal oxides by reacting
with oxygen at the gas/salts interface where po, is sufficiently high:

MCI, (g) + 0,(g)=MO, + CL(g) (M = Al, Cr,etc.) 3

As the reactions progress, more and more chlorides formed at the
metal/salts interface volatilize and gradually deposit at the salts/gas
interface after oxidized, especially AlCl3. As a result, a scale with large
AlyO3 grains at the outer side forms as shown in Fig. 11. Thus, the
chlorine regenerates, pass the scales, and attack the alloy again.

Unlike Al,03, Cry0s3 is unstable and oxychloride is thermodynami-
cally favored when oxygen and chlorine are both present. Volatile
CrO2Cly( is the dominant species in Cr-O-Cl in a wide range of tem-
peratures from 800 to 1600 K [6,34]. Volatilization of CrO,Cly will
consume Cry03 at the scale/gas interface where the partial pressure of
O, and Cl; are both higher:

1
Cr,05 +2Ch(g) + EOZ(g) = 2Cr0,Ch(g) AG = 44060 — 13.2T (J-mol™")
@

4.1.2. Corrosion by NasSO4

When NacCl is consumed to a critical concentration, the corrosion
progress comes into a stage that Na;SO4 plays a major role. The mech-
anism of the hot corrosion caused by NaySO4 has been thoroughly
investigated by previous studies [4,5]. The whole process can be

Fig. 11. The cross-view of the Al,O3 layer in Al 3 after 160 h hot corrosion at
900 °C under Na,SO4 +25 % NaCl molten salts film with small grains at the
inner layer and large grains at the outer layer.

described by Eq. (5) ~ Eq. (12). As the solubility of O is low in the salts,
transport of O in the film is difficult when no SO5/SO3 exists in the
atmosphere [35]. At the onset of hot corrosion, the sulfate ions disso-
ciate into SOz and SOj further dissociates into sulfur and oxygen ac-
cording to [36]:

1 3
SOT = 0" +80; = 0* + 352450,
Oxidation and sulfidation of the active elements Al and Cr are
described by Egs. (6),(7) and Egs. (8),(9), respectively. Al is the most
affinitive to sulfur while Cr is the second, but due to the thermodynamic
stability of Al;03, CrSx is more stable than AlSy at a certain po, [37].

)

1
2Al 4 SO5 = ALO; + ESZ AG = —1035 KJ (6)
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1
2Cr+ 8SO; = Cr,05 + ESZ AG = —557 KJ @
Al + $,—AIS, ®
Cr+ S,—CrS, 9

The removal of Oz and S as Eq. (6) ~ Eq.(9) will lead to an increase
in local basicity in the salt film adjacent to the matrix. As a result, basic
fluxing of metal oxides will happen when the 02~ reaches a critical value
as described by Egs. (10)(11). However, to the dissolution of Cry03, the
soluted species are CrO, at low p,, as Eq. (11) and CrO; at high po, as
Eq. (12), and the solubility of Cry0s3 is higher at the salts/gas interface
[38]. The condition results in a positive gradient of solubility of CrsO3 in
the salt film and eventually stopping the basic fluxing. The mechanism
has been termed as Rapp-Goto criterion that continuous hot corrosion
will happen when the solubility of oxides (C,x¢.) is negative shown as
Eq. (13) [4,5,39]:

ALO; + 0%~ = 24Al0; (10)
Cr,05 + 0 =2Cro, an
2— 3 2—
Cr03 +20" 430, = 2Cr0; (12)
dCux[de
Z-oxide 0 13
( 2 ) < 13)

Another combined reaction with Cl, and SOj3 is shown as Eq. (14).
AlClj; first forms by chloridation of Al in B2 B-NiAl then reacts with SO3
and forms the low melting point Al-AlS, eutectic [40,41]. The formation
of AlS, clusters shown in Fig. 12 supports this explanation. Once the
liquid eutectic forms, the fast incursion at the phase interface occurs
with the Al dissolution from the B2 p-NiAl phases. Simultaneously, Cr in
Al NiCoCr and A2 FeCr phases displaces the Al from the eutectic liquid
forming CrS at the phase interface as Eq (15).

3 3
Al + AICI; + ySO; = Al-AIS, + %02 +5Cl; (14)

Al-AISy + yCr + %Oz = yCrS + AL O; (15)

Loose AlyOs is the main corrosion product at the corrosion front,
distributed where the B2 p-NiAl phase used to be, especially adjacent to
the phase interface as shown in Al mapping and the inset in Fig. 12. This
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result suggests that the corrosion mainly exists in the B2 B-NiAl phase,
and goes deeply into the matrix through phase boundaries and B2 -NiAl
phase. The formation of CrS + AlyOs clusters marked by the yellow
arrows and circles, and AlSy + CrSy + Al;Os3 clusters marked by the
white arrows in Fig. 12 support the reactions in Egs. (14) and (15). Both
the dissolution and the chemical reaction occurring at the phase inter-
face lead to an accelerated attack.

4.2. High Al content and improved availability of Al in HEAs

Al plays the most important role to resist hot corrosion by the con-
sumption of Cl in the chloridation as Eq. (2) and forming Al;O3 scale,
hence the total Al supply has a significant effect on corrosion resistance.
Only Aly 7 shows catastrophic corrosion because it has the lowest Al
content and volume fraction of B2. Compared to NiCoCrAl, the HEAs
possess lower equilibrium levels of Al concentration in the Al-poor layer
and provide a more effective Al supply to resist the hot corrosion. The
same results are also reported by Zhang et al. [40] by adding Fe in
NiCoCrAlY coatings.

The Al concentrations for the three HEAs and NiCoCrAl are 14.9 %,
20.0 %, 24.5 %, and 22.5 % (Table 1) respectively in initial state, and the
corresponding volume fraction of B2 phases, which has superior corro-
sion resistance to chloridation, are 35.8 %, 56.1 %, 73.3 %, and 57.9 %
(Table 2). In general, the volume fraction of B2 phases increases with the
increase of Al, resulting in better corrosion resistance. The Al concen-
trations drop to 4.5 %, 4.4 %, 4.2 %, and 8.5 % (Table 4) in the Al-poor
zones after hot corrosion, thus the efficient Al concentrations are 10.4 %,
15.6 %, 20.3 %, 14.0 % respectively. Al; o and Al; 3 both have higher
effective availability of Al, even though Al; ¢ has a lower initial Al
concentration than NiCoCrAl, which gives a definite advantage over
NiCoCrAl Al; 3 has a higher initial Al concentration and volume friction
of B2 (17 % higher than in Al o), but similar final Al concentration,
leading to higher availability of Al than Al; o, and therefore less spall-
ation and gross mass gain in Figs. 3 and 4.

Although the AlyO3 scales are loose on Al; o and Al; 3, they are also
protective. At the interface of scale/matrix, where the oxygen potentials
are low, the reverse reaction of Eq. (3) is favored [30]. AlCl3 formed and
diffusion toward the scale/gas interface where the po, is high,
re-oxidized to AlyOs, and deposited near the scale surface. As the vola-
tilization and oxidation process go on, Al,O3 grains at the interface
consume to smaller ones while forming larger grains near the top as
shown in Fig. 11. The process results in the consuming of Cly which
generates from the molten salts or the chloridation-oxidation cycle,
protecting the matrix from chloridation and hence reducing the

Fig. 12. BSE micrographs and EDS mapping at the corrosion front in the NiCoCrAl. Sulfides and oxides mainly distributed where the B2 -NiAl phase used to be. The
result suggests hot corrosion of NiCoCrAl is mainly through the corrosion of B2 p-NiAl phase.
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depletion of the Al element.

4.3. Improved hot corrosion resistance by microstructures

The differences in corrosion behaviors between HEAs (Al o and
Al; 3) and NiCoCrAl are far more dramatic than the differences in Al
contents and volume fractions of B2. The site-specific corrosion (Fig. 6¢
and 1, Fig. 8a, and Fig. 12) in Alp; and NiCoCrAl also indicates that
microstructures influence the corrosion resistance significantly. The
most severe selective corrosion in NiCoCrAl occurs at the phase inter-
face, followed by the B2 p phase. This could be drawn from Fig. 61, in
which a continuous groove forms around B2 along B2/A1 interface.
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4.3.1. Coherent phase interface

Alp 7 with lamellar eutectic structure provides the through passages
from the surface to the matrix, which gives the attack species Cly, SO3,
and S short-circuit diffusion paths and preferential attack sites for metal-
sulfide eutectic liquid. But for modulated structures in Al; g and Al; 3,
boundaries of isolated FeCr phases are loop-locked thus avoid fast attack
through phase interfaces. Fig. 13a was a high-angle annular dark-field
(HAADF) STEM image with corresponding energy-dispersive X-ray
spectroscopy (EDS) maps of Al; 3, in which the boundaries of B2/A2
phases are clear and closed.

The second one is the boundary type. For the eutectic Aly 7, the phase
interface is incoherent. But for the spinodally decomposed structure, the

Fig. 13. TEM analysis of Al; 3 HEA: a) high-angle annular dark-field (HAADF) STEM image with corresponding EDS mapping; b) high-resolution transmission
electron microscopy (HRTEM) of B2/A2 interface marked by the yellow rectangle in (a) in [001] direction, the two phases are coherent; c) selected-area diff ;raction
(SAD) patterns along [001] direction in the site of a) with a selected-area aperture of 800 nm.
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phase boundary is coherent [42]. High-resolution transmission electron
microscopy (HRTEM) and selected-area diffraction (SAD) were used to
identify the orientation of the B2 and A2 phases. Fig. 13b shows the
HRTEM image of the interface of B2/A2 marked by the yellow rectangle
in Fig. 13a, and in this case the electron beam is parallel to <001 > of the
B2 and A2 phases. The atomic columns across the interface of B2/A2 are
continuous and have a consistent orientation as marked in yellow lines,
which indicates the B2 and A2 phases are coherent. Furthermore, SAD
with a selected-area aperture of 800 nm where the whole area of Fig. 13a
contained was conducted, therefore the diffraction area consisted of B2
base and many A2 phases. SAD patterns in Fig. 13c show the spots from
B2 and A2 overlap completely, and super-lattice diffraction spots of B2
are marked with the green circle. Therefore, the interfaces in Al; 3 are
coherent with cube-on-cube orientation relationship, which have been
observed in comparable structures in AlCoCrFeNi and AlCoCuCrFeNi
HEAs of various concentrations of Al and Cr, whilst incoherent interface
in Aly, [20,43-45].

Therefore, corrosion species penetrate the Al; o and Al; 3 matrix
through lattice diffusion, which is much slower than diffusion by phase
interfaces containing many lattice defects [42]. Diffusion in solids can be
described by the Arrhenius equation,

D= Doexp%% (16)

where D is the temperature-dependent diffusion coefficients, Dy is a
temperature-independent preexponential, Qg is the activation energy for
diffusion, R is the gas constant, and T is the absolute temperature. The
incoherent phase interface is similar to the high-angle grain boundary
which has a much reduced Q; and a much increased Dy than the
coherent interface [46].

The NiCoCrAl also has a multiphase structure consisting of coarse B2
B-NiAl and Al y-Ni phase with small needle-like y and f§ phases pre-
cipitates respectively shown as Fig. 1d [47,48]. Numerous B2/A1l
incoherent phase interfaces provide short-circuit diffusion paths for
corrosion components, result in severe internal oxidation and sulfida-
tion deeply into the matrix. As the internal attack goes severely, the
internal channels form and provide penetrate paths not only to gas
corrodents, but to molten salts, and therefore Na was detected deeply
into the matrix in Fig. 10.

4.3.2. Phase size

Some researchers have reported the relationship between oxidation
behaviors and the size of the phases in NiCoCrAl. Nijdam et al. [47]
point out when p-NiAl phase sizes are larger than 20 pm, NiCry04/Cro03
outer layer above the inner a-Al,O3 will form on the top of y-Ni phase;
when p phase sizes are smaller than 3 pm a uniform and laterally ho-
mogeneous oxide will form on both  and y phase. Luo et al. [49] and
Chen et al. [50] also have reported that refinement of the microstructure
is beneficial to reduce the threshold of Al concentration for the y phase
to form an exclusive AlyO3 scale due to fast p/y boundary diffusion.

As to the hot corrosion, site-specific corrosion and oxidation occur
throughout the process, which is more severe than the initial stage of
oxidation in air, preventing the formation of a continuous and homo-
geneous Al,Oj3 scale. Therefore, the large phase size in arc-melting
NiCoCrAl is detrimental to corrosion resistance. However, microstruc-
ture refinement cannot improve the corrosion resistance of NiCoCrAl
either, because a large number of incoherent interfaces will be intro-
duced, which is also detrimental to the corrosion performance.
Regarding HEAs, both Al; ¢ and Al; 3 have modulated phases with
micron and submicron sizes and have the advantage of forming a uni-
form and homogeneous scale. Although the fine structure of Aly 7 is
conducive to form exclusive scale, the lowest Al content and lowest B2
fraction as well as the incoherent interface type lead to low resistance to
hot corrosion.

Alp7 and NiCoCrAl show complex corrosion products and serious
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spallation compared with Al; o and Al; 3 from Fig. 2 and 3. The serious
internal attack caused by the site-specific corrosion along the incoherent
interface and low availability of Al leads to the breakdown of the alloy
integrity, which reduces the contact area between the loose corrosion
products and the matrix, thus resulting in serious scale spallation. In
terms of Al; o and Al, 3, the integrity of the alloys maintain the bonding
of the scale, and the small oxide intrusions act as pegs to increases the
contact area, thus reducing the spallation.

The non-protective oxide products are more likely to spall off during
cooling, leaving no protection against the molten salts. Thus, all the
metal oxides could form under the high oxygen partial pressure, but NiO
possesses the most rapid growth rate (a factor of ~10* faster than
a-Aly03) [51,52]. Then the spinel forms on the surface by the solid re-
action between NiO and Al;03/Cry03. On the contrary, for Al; o and
Alj 3, loose scales infiltrated with molten salts maintain a low oxygen
partial pressure at the scale/matrix interface, preventing the formation
of spinel.

4.4. High Cr content in HEAs

Cr is effective in gettering sulfur released by NaySO4 and stopping
basic fluxing thus plays an important role in resisting the hot corrosion.
At the one set of the corrosion for 0.5 h, CrySs3 forms in Al; o and Al 3
(Fig. 6), which suggests that a high SO3 partial pressure which higher
than po, can establish in a short time from the phase stability diagram of
Fig. 14a. No sulfides formed at the interface in Aly 7 and NiCoCrAl due to
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the damage of the matrix. After the hot corrosion test for 160 h, it is CrS,
not CrySs, both at the interface and in the matrix. The results indicate
molten salts can generate high SO3 partial pressure, and keep a low Oy
partial pressure at the scale/matrix interface. As the corrosion time in-
creases, the sulfur activity at the scale/matrix interface decreases due to
the inward diffusion of sulfur, thus turning CryS3 to CrS which needs
lower sulfur activity [53].

The Al-poor zone possesses enriched Cr concentration as high as 25.4
at % in Aly g and 26.3 at % in Al; 3 as shown in Table 4. When the salts
are recoated on the surface, the newly formed Cl, is mainly consumed
through forming volatile chloride or oxychloride with Cr, instead of Al
due to the low Al concentration in the Al-poor layer. Oxychloride is
thermodynamically favored when p¢;, and po, are both increased, and
then be oxidized when it moves outward where po, increases but p,
decrease as shown in Fig. 14b. After NaCl is consumed, NasSO4 also
mainly reacts with Cr following the reaction process as Eq. (7)(9)(11)
(12). Cr dissolves in molten salts as chromate by basic fluxing in the end.
Therefore, when the hot corrosion process, Cr plays the most important
role in consuming mixed molten salts. Due to the high Cr concentration
in the Al-poor layer, S is trapped and captured to form a CrS layer on top
of the matrix, and the diffusion depth is reduced by the Cr-rich layer.
However, Aly7, which possesses the highest initial Cr content, has the
lowest Cr concentration in the Al-poor zone. The reasons should be that
the Cr plays a major role to resist the molten salts because of the initial
shortness of Al, and the severe internal corrosion slows down the
replenishment of Cr from the matrix.

The Cr contents in Pt-y/y’, p-(Pt, Ni)Al, and NiCoCrAl are ~7 at %
[54-56], ~5 at % [57,58], and 17 at % [50] respectively. High Cr
content (>19 at %) is one of the characteristics of AlICoCrFeNi HEAs
compare with the existing bond coat materials.

5. Conclusion

The hot corrosion behaviors of Al,CoCrFeNi (x = 0.7, 1.0, and 1.3)
HEAs against NapSO4 + 25 % NaCl molten salts at 900 °C were inves-
tigated and compared to those of the traditional NiCoCrAl alloy. We
found Al; gCoCrFeNi (Al; o) and Aly 3CoCrFeNi (Al 3) with spinodally
decomposed structure possess significantly enhanced hot corrosion
resistance than Aly;CoCrFeNi (Alg7) with eutectic lamellar structure
and NiCoCrAl. The origin of the superior hot corrosion resistance of Al;
and Al 3 is discussed both from the compositional and the microstruc-
tural viewpoints and the hot corrosion mechanism is proposed. These
HEAs with tunable composition and microstructure, excellent oxidation
and hot corrosion resistance, as well as good mechanical strength and
coherent interface may have wide applications such as bond coat for
thermal barrier coatings. The main conclusions are as follows:

(1) Aly o and Al; 3 HEAs show a significant improvement in hot
corrosion resistance compare to NiCoCrAl. After hot corrosion for
160 h, the scales on Al; o and Al; 3 HEAs consist of (Al, Cr);0s3,
but mainly (Ni,Co)(ALCr)204 clusters on NiCoCrAl. Elemental
profiles by GD-OES show that molten salts and oxygen have
penetrated the conventional NiCoCrAl deeply to 150 pm and
100 pm respectively, while a very shallow depth not more than
20 pm in A11.3.

(2) Aligned loop-locked coherent lattices of B2 p-NiAl and A2 FeCr
phases with minimal defects hinder the diffusion of corrosion
species, thus improving the hot corrosion resistance of the Al; o
and Al; 3 HEAs. Incoherent phase interfaces provide short-circuit
diffusion paths for corrosion components in Aly 7 and NiCoCrAl.

(3) Al plays the major role to consume NaCl by forming AlCl3, and
finally forms AlyO3 scale on the Al; o and Al; 3; Cr hinders the hot
corrosion by forming volatile chloride/oxychloride and CrS at the
scale/matrix interface. Improved availability of Al and high Cr
content in HEAs, as well as uniform distribution of Al and Cr in
Aly o and Alj 3 result in a uniform planar and shallow attack,
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while the large phase in NiCoCrAl leads to site-specific corrosion
in B2 pB-NiAl, which in turn forms interconnected channels,
further exacerbating internal corrosion.

The findings of this work offer a new strategy to design materials that
are resistant to hot corrosion by varying the content of Al and Cr in a
wide range in HEAs, which enables to adjust both the composition and
the microstructure to balance the resistance of oxidation and hot
corrosion, and mechanical properties for high-temperature applications.
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