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Abstract

The high-temperature corrosion behaviors of the equimolar CrCoNi medium-entropy alloy and CrMnFeCoNi high-entropy
alloy were studied in a gas atmosphere consisting of a volumetric mixture of 10% H,0, 2% O,, 0.5% SO,, and 87.5% Ar
at 800 °C for up to 96 h. Both alloys were initially single-phase fcc with a mean grain size of ~50 pm and a homogeneous
chemical composition. The oxide layer thickness of CrMnFeCoNi increased linearly with exposure time while it remained
constant at ~ 1 pm for CrCoNi. A Cr,04 layer and minor amounts of (Co,Ni)Cr,0, developed on the latter while three oxide
layers were detected on the former, i.e., a thin and continuous chromium rich oxide layer at the oxide/alloy interface, a dense
(Mn,Cr);0, layer in the center and a thick and porous layer of Mn;0, and MnSO, at the gas/oxide interface. Additionally, a
few metal sulfides were observed in the CrMnFeCoNi matrix. These results were found to be in reasonable agreement with

thermodynamic calculations.
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Introduction

In high-temperature applications like jet engines, gas tur-
bines, or heat exchange tubes, alloys are exposed to reactive
gases such as H,0, O,, or SO,, which can mix and harm
the integrity of the material even further than a single gas
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would. Although oxidation studies of high entropy alloys
(HEAs) have increased over time, there is still a fundamen-
tal need for understanding their behavior under mixed gas
atmospheres. Several oxidation studies on HEAs and medium
entropy alloys (MEAs) reported so far used synthetic air,
laboratory air, CO/CO,, O,, and H,O [1-3]. In an early
study Laplanche et al. [1] exposed the equiatomic
CrMnFeCoNi HEA to laboratory air at different temperatures
(600-900 °C) and observed the formation of thick Mn rich
oxides (Mn,0; at 600-800 °C; Mn;0, at 900 °C). Adomako
et al. [2] carried out oxidation tests in dry air (80% N,/20%
0O,) from 800 to 1000 °C on the CrCoNi, CrMnCoNi, and
CrMnFeCoNi alloys. During exposure, a continuous protec-
tive Cr,05 layer grows on the CrCoNi MEA, which makes it
more oxidation resistant than CrMnFeCoNi and CrMnCoNi.
The authors concluded that the addition of Mn dramatically
enhances the oxidation kinetics while Cr reduces them.

Kai et al. [3] investigated the corrosion resistance of
CrMnFeCoNi at 950 °C under different O, partial pres-
sures (po, = 10 to 10° Pa) up to 48 h. The thickness of
the scales was found to systematically increase with
increasing pq,. Growth kinetics were parabolic and, in all
atmospheres, the formed scales were trifold: Mn;0, at the


http://crossmark.crossref.org/dialog/?doi=10.1007/s44210-023-00026-8&domain=pdf
http://orcid.org/0000-0001-7252-9286

High Entropy Alloys & Materials (2024) 2:16-32

17

oxide/gas interface, a (Cr,Mn);0,-layer at the center of the
scale, and Cr,0Oj; at the oxide/alloy interface. In one of our
previous works we investigated the corrosion behavior of
CrMnFeCoNi and CrCoNi at 800 °C under the following
single gas atmospheres: 2% O, +98% Ar and 10% H,0 +
90% Ar [4]. CrCoNi was found to exhibit a better corrosion
resistance due to the formation of a Cr,0; layer compared
to CrMnFeCoNi, which formed Mn rich oxide layers.

Even when the influence of one single corrosive gas
is known it is expected that a mixed environment acts as
more than the sum of its components. One objective of
the present work is thus to evaluate the influence of mixed
H,0-0,-S0, gas atmosphere on the corrosion behavior
of CrCoNi at 800 °C, using the well-known Cantor alloy
CrMnFeCoNi as a reference. SO, and water vapor are
known to substantially contribute to fast corrosion rates
and potential failure and there is a need to identify new
materials that can withstand such harsh environments.
Previous studies on single elements (Fe [5-7], Cr [8, 9],
Mn [10], Co [11], and Ni [12]) exposed to a pure SO,
atmosphere revealed the formation of a duplex layer con-
sisting of oxides MO and sulfides MS, M being the metal
[13]. Aging of chromium-containing steels in SO, lead to
a duplex layer consisting of an external Fe,O; layer and
an internal iron sulfide. A Cr rich sulfide layer was formed
on the steel for a Cr content lower than 10 at%. Steels with
higher Cr contents (> 15 at%) formed a protective Cr,0;
layer on the alloy surface [14]. Between 10 and 15% Cr
content in the steels, the formation of mixed (Fe,Cr);0,
oxides and Cr,0j; is observed rather than a single phase,
closed, dense Cr,04 layer. The formation of sulfides could
not be observed in these steels due to the low diffusivity of
sulfur-containing species through Cr,0; [8, 15]. Several
studies for materials behavior under SO,, H,0, and mixed
gas environments were reported for ferritic-austenitic, fer-
ritic-martensitic, and nickel-based materials [16-21]. One
conclusion of these studies was that oxide scale spallation,
breakaway oxidation, and accelerated corrosion could be
correlated to even small amounts of sulfur in the gas.

It is expected for the equimolar CrCoNi MEA that a
Cr,05 layer should form during exposure under the mixed
oxidizing/sulfurizing atmosphere since it contains enough
Cr. Whether or not this layer is dense and fine-grained
and thus suppresses fast oxidation and sulfidation, under
the given conditions needs to be addressed. When Fe-Cr
alloys with more than 10 at% Cr are exposed to high tem-
peratures in 0.5% SO,, Cr,0; forms widely, Cr-sulfides are
frequently found at the alloy grain boundaries and often
lead to grain boundary embrittlement [22, 23]. The second
objective of the present work is thus an evaluation of how
the presence of sulfur affects the oxide layer formation on
CrCoN:i.

Materials and Methods
Alloy Preparation

Two Cry3 3C055 3Nis; 3 and CrygMn,y Fe,iCo,oNi,, alloys
(nominal compositions in at%) were melted in a vac-
uum induction furnace starting with high-purity metals
(>99.9 wt%). After casting, the cylindrical ingots (diameter
@ = 40 mm) were sealed in evacuated fused silica tubes
(p=3x 107> mbar), homogenized for 48 h at 1200 °C, rotary
swaged to reduce their diameter to ~17 mm at room tem-
perature (RT), and annealed for 1 h at 1060 °C (CrCoNi) and
1020 °C (CrMnFeCoNi), resulting in similar grain sizes of
~50 pm for both alloys. More details about the thermome-
chanical processing route can be found elsewhere [24, 25].
After metallographic preparation, the compositions of the
alloys, measured by electron microprobe analysis (EMPA),
were found to be close to the targeted ones, see Table 1.

Gas Exposure Experiments

Penny-shaped specimens (@ ~17 mm and thickness ~3 mm)
were cut from the recrystallized rods and their surfaces and
edges ground with abrasive paper (grit size: P1200). Before
gas exposure, the samples were cleaned with acetone and
ethanol, dried, and their dimensions measured with a digi-
tal vernier caliper. To avoid contamination by different dis-
solved metallic ions or corrosion products, two freshly pre-
pared penny-shaped specimens of each alloy were placed
vertically on their edge on a custom-made alumina holder
and inserted in a Carbolite Gero© horizontal tubular fur-
nace, see Fig. 1. The furnace was flushed with pure argon
(Ar 6.0, purity >99.9999%), and heated to 800 °C at 10 °C/
min. The temperature was controlled by a type K thermocou-
ple which was in the vicinity of the specimens. A mixture of
corrosive gases including 10% H,0, 2% O,, and 0.5% SO,
(vol%) with Ar as carrier gas was then allowed to stream
into the furnace.

The flow rates of the O, and SO, gases were indi-
vidually controlled using digital mass flow controllers
(Bronkhorst©). To adjust the flow rate of water vapor, Ar
was injected into a water bottle heated to 63 °C, and the
wet gas was transported into the furnace via a frit. Further

Table 1 Chemical composition in at% of the CrMnFeCoNi HEA and
the CrCoNi MEA determined by EMPA with an experimental error
of ~1 at%

Cr Mn Fe Co Ni
CrMnFeCoNi 20.7 19.9 19.6 19.7 20.1
CrCoNi 343 - - 33.0 32.7
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Fig. 1 Schematic illustration of the experimental setup used to expose CrCoNi and CrMnFeCoNi to a corrosive gas atmosphere (10% H,0, 2%

0,, and 0.5% SO, in 87.5% Ar)

information about the experimental setup can be found in
Ref. [26]. After exposures for 24 h, 48 h, and 96 h, the
chamber was flushed with Ar at 800 °C and the specimens
furnace cooled down to RT under Ar.

Post-exposure Analyses

After exposure, macro scale investigations of the surfaces
were conducted using optical microscopy and micro scale
investigations by scanning electron microscopy (SEM)
using a TESCAN Vega 3 operating at 20 kV and equipped
with an X-Max80 detector (Oxford Instruments). The
phase constituents were identified by X-ray diffraction
(XRD, Seifert PTS 3003) with Co-Ka radiation. After the
collection of diffraction pattern, an X-ray phase analysis
was carried out to identify the reaction products at the
alloy surface. For this purpose, theoretical diffraction pat-
tern were compared with the measurement, focusing on
peak position and intensities. Additionally, to examine
the formed oxide layers, the penny-shaped samples were
embedded in epoxy resin to avoid oxide scale spallation,
cut in two halves, embedded again to prepare a cross-
section, ground, and polished to a mirror-finish. Scale
thicknesses were determined by optical microscopy (OM)
using the software Layers [27, 28]. Ten images were taken
along the entire sample’ cross-section using the optical
microscope and evaluated by the software “Layers”. A
more detailed explanation on how the software Layers
works can be found in Weber et al. [29]. The corrosion
layer thickness was determined as a function of the expo-
sure time. Note that the sample is not weighed in this
method. The oxidation rate constant is calculated directly
from the measured layer thickness.

Further microstructural characterizations were carried
out in a Zeiss Leo Gemini 1530 VP SEM, operating at
20 kV and equipped with a Bruker energy-dispersive X
ray spectrometer (EDS).

@ Springer

Thermodynamic Calculations

Thermodynamic equilibrium calculations of
the systems Cr-Co-Ni-O,-H,0-SO, and
Cr—-Mn-Fe-Co-Ni-0,-H,0-SO, were carried out with
the software Factsage 7.0 using the FactPS and Factoxid
databases. ‘Equilibrium’, ‘phase diagram’ and ‘reaction’
mode were operated. For the ternary equilibrium phase
diagrams at T=800 °C and p=1 atm of the Cr—Co-Ni
and the Cr—Mn—-Fe—Co-Ni systems, constant fugacities of
p(0,)=0.0197 atm, p(S,)=10"2%? atm and p(H,) =107
atm were set, representing the partial pressure of these
gases at the alloy-gas interface. These values were calcu-
lated before for a volumetric mixture of 10% H,0, 2% O,,
0.5% SO,. In the ternary phase diagrams of the HEA mix-
ture within the Cr-Mn-Fe—Co—-Ni system, a fixed molar
ratio of x(Co) =x(Ni)=0.2 was employed, as these metal-
lic elements exhibited relatively minor involvement in the
formation of corrosion layers in comparison to the remain-
ing constituents. For the binary phase diagrams of p(O,)
vs. p(S,) in the Cr—Co—Ni and Cr—Mn-Fe—Co—Ni system at
T=800 °C and p=1 atm, a constant partial pressure of
hydrogen of p(H,) =102 atm was assumed. More details
of the thermodynamic calculations can be found in in [30].

Results

Comparison of the Morphologies and Thicknesses
of the Oxide Layers

The secondary electron (SE) images in Fig. 2 enable a com-
parison of the grown oxide layers on the CrCoNi MEA (left
column) and the CrMnFeCoNi HEA (right column) after
corrosion in the H,0-0,—SO, atmosphere after 24 h, 48 h,
and 96 h at 800 °C. The oxide scale growing on CrCoNi
was found to be much thinner than that of CrMnFeCoNi,
indicating that the former is more corrosion resistant. For
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Fig.2 BSE images of cross-sections showing the oxide layers grown on CrCoNi (left column) and CrMnFeCoNi (right column) at different

magnifications. Exposure times of (a, b) 24 h, (¢, d) 48 h, and (e, f) 96 h

this reason, a higher magnification was used to character-
ize the oxide scale of CrCoNi (compare the magnifications
in the left and right columns of Fig. 2). Oxide inclusions
of various sizes and shapes were observed in the matrix of
CrMnFeCoN:i directly below the oxide/alloy interface and
their number density appeared to grow with exposure time.
Oxide inclusions were also observed in CrCoNi but much
more rarely. After 48 h, the oxide layer on the HEA con-
sisted of three layers numbered from 1 to 3, which differ in
gray tone and morphology. Close to the oxide/gas interface
lies the porous layer 1. At the oxide/alloy interface, a very

thin and continuous oxide layer has formed (layer 2). A few
elongated and compact islands are fully embedded in layer
1 (layer 3, Fig. 2f).

The oxidation kinetics were investigated by measuring
how the layer thickness evolved with time, Fig. 3. The oxide
layer growing on CrCoNi is very thin (< 1 pm). After 24 h,
the scale thickness is 0.43 +£0.08 pm and its value increases
to 0.80+0.20 pm after 48 h (Table 2). After 96 h the thick-
ness of the oxide scale decreased to 0.68 +0.03 pm because
it partially flaked off before it was removed from the corro-
sion chamber (see sub-Sect. 4.2 CrCoNi MEA). The oxide
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Fig.3 Oxide scale thickness on CrCoNi and CrMnFeCoN:i as a func-
tion of exposure times at 800 °C in Ar-H,0-SO,-0O,

Table 2 Oxide layer thicknesses, time exponent n, and oxidation rate
constants k of the MEA and HEA for three different exposure times in
an Ar-H,0-S0O,-O, atmosphere at 800 °C

Alloy Time [h] Layer thickness n[-] Oidation
[um] rate constant
k[umh™]
24 0.43+0.08
CrCoNi 48 0.80+0.21 3.00 3.7x107!
96 0.68+0.03
24 8.00+1.05
CrMnFeCoNi 48 7.00+2.75 1.14 9.8x1072
96 28.00+6.33

layers grown on the CrMnFeCoNi HEA were significantly
thicker than those on CrCoNi after all durations. The layer
thickness remained similar between 24 h (8§ +1 pm) and
48 h (743 pm) and grows significantly to 28 +6 pm after 96 h.
The temporal evolution of the thickness, d, of the corro-
sion layers can be described with the following equation:

d=kxin ¢))

where t is the time, k a rate constant of oxidation, and »n a
parameter related to the corrosion mechanism. The parameters
of the oxidation kinetics are summarized in Table 2 for the
two alloys. The n-value of CrMnFeCoN:i is close to unity and
the oxidation rate of 9.8 x 1072 um-h™" is high. In other words,
the oxide scale grew at a linear rate and is non-protective,
probably due to its porous nature. In contrast, the growth
kinetics of the oxide layer on CrCoNi proceeded as a power-
law with a time exponent of 1/3 and k=3.7x 10" ym h™".
This value for CrCoNi is more than nine orders of magnitude
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lower than that of CrMnFeCoNi, reflecting the better corro-
sion resistance of CrCoNi in the multi-oxidant atmosphere.
However, the exact value of k has to be considered with care
since spallation was found to affect the corrosion behaviour
of CrCoNi.

CrCoNi MEA
Surface Composition and Morphology

The CrCoNi MEA exhibited greenish surfaces after high-
temperature corrosion, see photos of the penny-shaped
specimens shown in the left column of Fig. 4. For all cor-
rosion durations, chromia (Cr,05-space group R 3 c¢) was
identified as the dominant oxide layer by XRD and minor
reflections at 26 ~ 35, 36, and 54° indicated the presence of
a spinel-type phase with (Ni, Co)Cr,0, composition (space
group Fd 3 m), Fig. 4a—c. The fcc reflections of the alloy
substrate at 20 ~51° and 60° have the strongest intensity at
all exposure times, indicating that the oxide layer remains
thin. Figure 4d shows a large bright region where the oxide
scale spalled off after 24 h. After 48 h clear evidence of
oxide scale spallation is visible, i.e., thick spalled-off oxide
plates appear dark, freshly re-grown oxide areas are imaged
in gray while unprotected regions are depicted bright in
Fig. 4e. After 96 h, the oxide layer appears dense and contin-
uous, but some grinding grooves and cracks are visible (see
BSE image in Fig. 4f). At this stage, it is unclear whether
spallation occurred continuously during high-temperature
corrosion, or whether it occurred upon cooling.

SEM Elemental Distribution Maps

Figure 5 shows SEM-EDS elemental distribution maps of
Cr, Co, Ni, O, and S, collected on a cross-section through
the oxide scale formed on CrCoNi after corrosion in
H,0-0,-S0, at 800 h for (a) 24 h, (b) 48 h, and (c) 96 h.
In each case, the corrosion layer is O and Cr rich and there
is a corresponding Cr depleted zone below the oxide/alloy
interface. Sulfur could not be detected, neither in the corro-
sion layer nor within the MEA matrix.

CrMnFeCoNi HEA
Surface Composition and Morphology

The photos of the CrMnFeCoNi samples after corrosion
at 800 °C show a yellow to greenish surface with grey-
ish borders, see left column of Fig. 6. After 24 h exposure
time, the corrosion layer is continuous, but after 48 and
96 h, the corrosion layer is slightly disrupted with signs of
spallation at the sample edges (Fig. 6a—c). Hausmannite
(Mn;O,-tetragonal spinel-space group /4,/amd) is identified
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Fig.4 Phase analysis of the oxide scale of the CrCoNi MEA after dif-
ferent times. a—¢ XRD patterns with optical micrographs of the oxi-
dized penny-shaped specimen and d—f BSE micrographs of the cor-

by XRD as the dominant oxide. Additionally, distinct reflec-
tions at 20~28°, 30°, and 39° reveal the presence of sulfates
(MnSO,-orthorhombic-space group Cmcm). With increasing
exposure time, the intensity of the fcc reflections from the
alloy progressively decreases and vanishes after 96 h due
to the thickening of the corrosion layers (see Fig. 6). After
48 and 96 h, two porous nodules are observed in Fig. 6e, f,
indicating a nucleation and growth process.

EDS Elemental maps

In Fig. 7, BSE micrographs of cross-sections through the
corrosion layers that formed on CrMnFeCoNi are pre-
sented in combination with the corresponding EDS ele-
mental maps of the five alloying elements (Cr, Mn, Fe,
Co, and Ni) as well as the gas components O and S after
corrosion at 800 h for (a) 24 h, (b) 48 h, and (c) 96 h. The
surface of the corrosion products has a rough appearance,
especially after 96 h (see Fig. 7c). The porous corrosion
layer 1 is enriched in Mn, O, and to a lesser extent, S, and

roded surfaces (top-down view) after 24 h, 48 h, and 96 h at 800 °C
in Ar-H,0-SO,-0,

corresponds to hausmannite (Mn;O,, in which S can be
dissolved, see XRD patterns in Fig. 6). After 96 h (see
Fig. 7¢) small areas enriched in S and O are randomly
distributed in layer 1. Based on this observation and the
XRD pattern in Fig. 6a, these particles are likely sulfates
(MnSO,). In contrast to the porous and S rich layer 1, cor-
rosion layers 2 and 3 are compact and depleted in S. Oxide
layer 2 formed at the oxide/alloy interface and is mainly
enriched in Cr, O, and to a lesser degree, Mn, and likely
corresponds to chromia or a spinel (note that these phases
were not detected by XRD). Layer 3 is either right above
layer 2 or embedded into layer 1. As the corrosion layers
are mainly enriched in Mn, the alloy below the oxide/alloy
interface is strongly depleted in this element. The thick-
ness of the Mn-depleted region increased from 18 +9 pm
after 24 h to 20+ 8 pm after 48 h and finally to 33+ 10 pm
after 96 h. A few regions in the alloy are strongly enriched
in S and Mn and most likely correspond to Mn sulfides.
These appear in the vicinity of grain boundaries and pores.

@ Springer
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Fig.5 SE images of cross-sections showing the oxide layers on CrCoNi and corresponding EDS elemental maps of Cr, Co, and Ni as well as O
and S after corrosion in Ar-H,0-0,-SO, at 800 °C fora 24 h, b 48 h, and ¢ 96 h
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Discussion
General Remarks

The main findings of the previous section are summarized
and illustrated in Table 3; Fig. 8. After exposure to the corro-
sive atmosphere (10% H,0, 2% O,, 0.5% SO,, and 87.5% Ar)
at 800 °C, the CrMnFeCoNi HEA formed a thick (up to 30
pm after 96 h), discontinuous scale consisting of three corro-
sion layers, which are from top to bottom: outward growing
Mn;0,, outward growing MnSO,, and a third phase, which
was not identified by XRD but likely corresponds to Cr,0;
or a (Mn,Cr);0, spinel (see lower rows of Table 3; Fig. 8).
Considering the shape of the bulk surface below this layer it
can be considered that the oxide has grown inwards. Below
these, narrow Cr and large Mn depleted zones were detected,
accompanied by Mn rich sulfides. In contrast, the CrCoNi
MEA developed very thin (< 1 pm), continuous oxide layers,
consisting of Cr,0; (also considered an inwards growing
oxide, see [31]), below which Cr depleted zones were found
in the alloy. These results clearly show that CrCoNi exhibit
a superior corrosion resistance than CrMnFeCoNi.

Impact of Mixed Gas Atmosphere on Oxide Layer
Growth on CrCoNi

Thermodynamic Boundary Conditions

Thermodynamic boundary conditions were considered using
FactSage 7.0 [32]. Stability diagrams (see Fig. 9a and b)
were calculated based on the Fact PS database for oxides,
sulfates, and metals as well as the FactMisc database for
the sulfides.

The filled circle (red) in Fig. 9a corresponds to the experi-
mental starting conditions and the conditions assumed
at the gas/oxide interface. The oxygen partial pressure
decreases from the gas/oxide interface towards the oxide/
alloy interface. Accordingly, the local O, or S, partial pres-
sure required within the oxide layer for the formation of
certain corrosion products can be determined from the dia-
grams log(0O,)-log(S,). Neither H,O nor indirectly H, form
hydroxides at 800 °C and the latter are known to remain
volatile at this temperature. Therefore, hydrogen is not con-
sidered neither in the calculation nor in the representation
and consequently remains constant. The ternary diagrams
are representative for corrosion products near the oxide/gas
interface, since the partial pressures of the reactive species
(O,, SO,) are the same as in the gas.

The binary diagram for the CrCoNi alloy shows the sul-
fur partial pressure pg, versus oxygen partial pressure pg,
at a constant py, = 1072 atm and 800 °C (Fig. 9a). With
increasing either pg, or pg,, Cr is the first reacting element,

which oxidizes to chromia (Cr,05) or sulfidizes to pyrrhotite
(Cr,Co, Ni),_,S, respectively. At high p, and pg,, Cr-sulfate
(Cry(SO,);) can form on the CrCoNi MEA in an oxidation
atmosphere containing O,, SO, and H,O. The red filled cir-
cle in the binary diagram (Fig. 9a) represents the conditions
(Poa = 0.0197 atm pg, = 107> atm) at the gas/oxide inter-
face at 800 °C in which the formation of the spinel CoCr,0,
and the monoxide (Co,Ni)O on the MEA CrCoNi is possi-
ble. Neither sulfates nor sulfides were identified in the SEM-
EDS elemental distribution maps (see Fig. 5), leading to the
assumption that the necessary high sulfur partial pressure
was not reached, neither locally nor globally. This indicates
that the oxide layer formed was not allowing a sulfur trans-
port through it towards the oxide/alloy interface.

Figure 9b presents the ternary diagram of the Cr—Co—Ni
system at 800 °C and constant partial pressures of py, =
10~ atm, Ps = 10~ atm and Pop = 0.0197 atm, i.e., equal
to atmospheric conditions. The blue triangle in the diagram
corresponds to the nominal composition of the equimolar
CrCoNi alloy, which serves as a base for this consideration.
Because of the chromium’s significant diffusion and affinity
to oxygen the local composition at the alloy’s surface shifts
over time towards a Cr rich corner [33]. This is confirmed by
the experimental results: the calculated monoxide (Ni,Co)
O was not detected by XRD on the MEA after 96 h of gas
exposure, but chromia (Cr,0;) and the mixed ((Co,Ni)Cr,0,
were systematically observed (see Figs. 4 and 5).

Oxide Layer Characteristics in Different Atmospheres

The chromia layer grown on CrCoNi alloy suffered from
buckling in some parts. Both buckling and spallation could
have be induced by tensile and interfacial cracks due to com-
pressive stresses in the oxide layer and a weak alloy/oxide
interface [34]. It will not be discussed further here.

The oxidation kinetics are compared for single (98%
Ar-2% O, and 90% Ar-10% H,0) and mixed gas (87.5%
Ar-10% H,0-2% 0,-0.5% SO,) atmospheres at 800 °C
(see Fig. 10a). The values for single gas atmospheres
were taken from a previous work [26], in which the same
CrMnFeCoNi and CrCoNi were exposed to 98% Ar-2% O,
and 90% Ar-10% H,O at 800 °C for equal aging times. From
the layer thicknesses observed for the 2% O, and 10% H,0
condition, the oxidation rate constants k were determined
and compared to the values of the mixed atmosphere (see
Table 4).

The CrCoNi alloy under oxygen exposure shows oxide
thicknesses comprised between 1.3 +0.5 pm and 2.3 +0.4
pm, resulting in an n value of 2.45 + 0.7 with an oxidation
rate constant k=1.3x 1077 um h™". In H,O atmosphere
(layer thicknesses ranging from 0.9 +0.3 pm to 2.3+0.8
pm), the oxidation rate constant of CrCoNi is k=3.9 X 1074
pum h~!. In the mixed atmosphere studied here, the oxide
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layer on the MEA is the thinnest after all exposure times
and grows slowly (layer thickness of 0.43 +0.05 pm at
24 h and 0.68 +0.03 pm at 96 h, bearing in mind that
the absolute values are questionable within the order
of magnitude due to the spallation). The oxidation rate
constant was determined to be k=3.7x 107! pm-h7!,
possibly higher due to the spallation. Still, k was the high-
est in the 10% H,O atmosphere and the lowest in the mixed
gas atmosphere: kH,0 > kO, > kH,0-0,-S0O,. The chro-
mia layer on CrCoNi seems to provide protection against
fast oxidation and internal sulfidation in the mixed gas
atmosphere (H,0-S0O,-0,) at 800 °C. Neither sulfides nor
sulfates were detected, neither in the oxide layer nor in the
bulk material.

Thus, even if pg, is similar in the 98% Ar-2%0, and
mixed gas atmospheres, the chromia layer seems to have
different growth and protection characteristics. A gas corro-
sion study on a 9 wt% Cr steel at 650 °C in O,—H,0O mixed
atmosphere demonstrated that the transition from protective
Cr rich oxide formation into non-protective Fe rich mixed
oxide is governed by the H,0/0, ratio [35]. The authors
assumed the layer growth to be governed by competitive
adsorption of oxygen and water vapor molecules on external
and internal interfaces of the oxide scale [35]. Note that
Cr, 05 grain boundaries were reported to play an important
role in chromia growth, since lattice diffusion was found to
be very slow [36—39]. In the mixed gas atmosphere applied
here it is suggested that different competitive adsorption and
absorption processes with contributions of O,, H,0 and SO,
take place on external and internal interfaces of the chromia
layer. This led to a different thickness growth of Cr,05 in
the 98% Ar-2% O,, 90% Ar-10% H,O and O,-H,0-SO,
atmospheres. A study of chromia grown on pure Cr in
multi-oxidant environments (N,—~CO-H,-CO,-H,S with
varying gas composition) at 871 °C showed that both
inward and outward growth of chromia were inferred at
mixed gas conditions [40]. Additionally, the Cr,O; growth
was faster in mixed gases containing water than in those
with dry air. Additional works on pure Cr in the temperature
range of 800-900 °C have shown that regardless of the p,,
the chromia layer has a duplex morphology with inwards
and outwards growing sub-layers [41-45]. It is expected to
have the same formation in this study, but this assumption
needs to be clarified via more high-resolution observations
in the future.

Impact of Mixed Gas Atmosphere on Oxide Layer
Growth on CrMnFeCoNi

Thermodynamic Boundary Conditions

The binary phase diagram (log(pg,) — log(pg,)) of CrMn-
FeCoNi is presented in Fig. 11a for a constant py, = 107
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atm and 800 °C. The (red) filled circle in the binary diagram
represents the conditions (pg, = 0.0197 atm and pg, = 107
atm) at the gas/oxide interface at 800 °C for which the sta-
ble reaction products are a mixed (Co,Fe**)(Co,Fe’*,Ni),0,
spinel, (Mn,Co)O and Mn;0, (hausmannite — tetragonal spi-
nel). At higher p, (right side of the diagram, py, ~ 107!
atm), Mn,O; (bixbyite) is stable.

Sulfide and sulfate formation in the corrosion layers of
CrMnFeCoNi require a local sulfur partial pressure of at
least pg, > 10729 atm (sulfides) and Psy = 1073% atm (sul-
fates), see Fig. 11a. Sulfides are formed at low pg, and high
Ds- In the case where the oxide layer on top of an alloy does
not provide protection against sulfur diffusion and transport
towards the oxide/alloy interface, high local pg, at simulta-
neously low pg, can be present there. This is case here, as
metal-sulfides are observed within the alloy by SEM-EDS
(see Fig. 7).

Under the given conditions sulfate formation requires
high pg, and pg,. This condition is met during layer
growth at the gas/oxide interface, since sulfates were
identified in the outward grown oxide layer 1 (see espe-
cially Fig. 7c, S and O elemental distribution map after
96 h of exposure). After 96 h of exposure at 800 °C in
Ar-H,0-0,-S0,, a porous outer Mn;0,~MnSO, layer
(layer 1) formed, followed by a compact yet interrupted
Mn;0, layer (intermediate layer 3, named layer 3b when
slightly enriched in Mn and located further inside layer
1), and a continuous Cr enriched mixed (Mn,Cr),0; layer
(layer 2) at the oxide/alloy interface. An indication for a
(Co,Ni)-spinel was observed by XRD on the alloy after
exposure for 24 h.

Unsurprisingly no bixbyite Mn,O; was observed on the
CrMnFeCoNi, as it would only be stable under local and
global high p,, which cannot be achieved in the present
conditions.

Figure 11b displays the ternary stability diagram
Cr—-Mn-Fe with a constant Co+Ni content. Under the
conditions studied here, no Mn,0O; could be detected but
Mn;0, was formed. This means that the entire oxide for-
mation sequence over time shifts to higher Mn contents to
stabilize Mn;0, (Fig. 11b), which is highlighted in the dia-
gram by a blue arrow—the local composition is no longer
equiatomic CrMnFe(CoNi) but shifted to the Mn rich cor-
ner. A (Mn,Cr),0; layer (layer 3) was observed near the
oxide/alloy interface (see Fig. 7). For Cr,0; formation, low
Do 1s required and obviously achieved locally—otherwise
(Co,Fe’*) (Co,Fe** Ni),0, would form.

The preferential formation of Mn containing reaction
products (Mn;0,4, MnSO, and (Mn,Cr),0; + (Co,Ni)
Cr,0,) instead of equimolar mixed oxides requires a strong
enrichment in Mn and, to a lesser extend, Cr (and therefore
a depletion in Co, Ni and Fe). Their formation products is
supported by kinetic aspects, i.e. the fast diffusion of Mn
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Fig.6 Color, constituting phases, and morphology of the oxide scales
forming on the CrMnFeCoNi HEA at 800 °C in H,0-SO,-O, after
different times. (From left to right) Optical micrographs of the penny-

compared to the other alloying components (Dyy, > D¢, >
Dg.>> D¢, > Dy;) [46, 47] resulting in the formation of Mn
oxides and Cr oxide at low p,. These elements are thus the
main components of the corrosion products.

Oxide Layer Characteristics in Different Atmospheres

No matter the atmosphere (air [1, 2, 48]; 2% O, or 10% H,O
[26]), when CrMnFeCoNi is exposed to temperatures larger
than 600 °C, it develops non protective, thick Mn oxide con-
taining layers. In direct comparison with single gas exposure
(2% O, or 10% H,0) the layers formed under mixed-gas
(10%H,0-2% 0,-0.5%S0,) atmosphere are the thickest and
strongly porous (see Fig. 10b). The SO, proportion in the gas
causes, additionally to the Mn oxides, a MnSO, formation
in the outward grown layers. The high amount of Mn, which
is known to have an adverse effect on oxidation resistance

shaped specimen, XRD patterns, and top-down views of the oxide
scales observed with BSE contrast imaging. (From top to bottom)
Exposure times of 24 h, 48 h, and 96 h

[49] and the fast Min outward diffusion dominantly influence
the formation of the respective layers and lead to disastrous
layer characteristics (porous, thick, fast growing) in terms
of oxidation protection.

Summary and Conclusion

High-temperature gas corrosion was studied on CrMnFeCoNi
and CrCoNi alloys by isothermal exposure experiments in
a multiple gas atmosphere consisting of 2% O,, 10% H,0
and 0.5% SO, (volumetric mixture, rest argon) for 24 h<z<
96 h at 800 °C. The outward and inward grown layers were
characterized for their thickness, structure, composition and
morphology.

CrCoNi developed thin oxide layers (Cr,05 layer with
minor amounts of (Co,Ni)Cr,0, ; layer thickness mostly

@ Springer



26 High Entropy Alloys & Materials (2024) 2:16-32

'€ oxide inclusions
and holes

oxide inclusions
and holes

T ey o 4,

oxide inclisions
and holes

Mo[

Fig.7 BSE images of the oxide layers on the CrMnFeCoNi HEA and corresponding EDS elemental maps of the alloying elements (Cr, Mn, Fe,
Co, and Ni) as well as O and S as the corrosive gas components after corrosion in H,0-0,—SO, at 800 °C for a 24 h, b 48 h, and ¢ 96 h
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Table3 Phase ?omposiﬁons Alloy Time [h] Layer thickness [um] Phase composition (XRD+SEM) Layer morphology
and morphologies of the
Ccorcm;('m Péf)é‘lﬁslforcm;_g (;n CrCoNi 24 0.43 +0.08 Cr,0, Continuous
1CoN1 and CrMnkFeCoNi after ((CoNi)Cr,0,)

exposure to 10% H,0, 2% O,, 48 0.80 £ 0.20 e
0.5% SO,, and 87.5% A for the 96 0.68+0.03
three times (24, 48 and 96 h) CrMnFeCoNi 24 8+1 Mn;0, Porous

48 MnSO,

96 Cr,0; or (Mn,Cr);0,*

*Not confirmed by XRD

I Cr,0, spongy Mn;0,/ MnSO, M dense Mn;0, f inclusions
depleted in Cr 7772 depleted in Mn e pores

copy fr0rerseenttens,, rteresrrsres /t-,."' / foeeerrrey,,, ,///// » s,

Y1, ff L7722 22211 it 111112101, ///////////////////////////////////////////////////////

7,
rrrrr st o rr s e, A iz I s,

4

4

Fig.8 Schematic illustration of the oxide layer formation on CrCoNi (upper row) and CrMnFeCoNi (lower row) during exposure to H,0-SO,—
O, for 24,48 and 96 h

<1 pm) after 96 h. The chromia layer on CrCoNi grew  calculations with FactSage were in good agreement with the
slowly and seemed to prevent the alloy from sulfidation  observations and confirmed the results.

and further oxidation. No sulfides were detected, neither As expected, CrMnFeCoNi demonstrated a low cor-
by XRD, nor by SEM-EDS. Thermodynamic equilibrium  rosion resistance due to the fast growth of Mn oxides
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Fig.9 alog(py,) vs. log(pg,) plot for the equimolar CrCoNi MEA at
pH, =107 atm and 800 °C. The filled red circle represents the pg,
and py, at the gas/oxide interface. b Stability diagram for the forma-
tion of oxides in the Cr—Co—Ni system with a constant partial pres-
sure of O,, S, (directly linked to SO,) and H, (directly related to
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H,0) at 800 °C (pg, = 0.0197 atm and pg, = 102° atm). The orange
area shows the compositional range in which the phases detected by
XRD are stable from a thermodynamic point of view. The blue arrow
shows the shift from nominal to local composition. Both diagrams in
a and b were calculated with the FactSage ‘phase diagram’ tool
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Fig. 10 Evolution with time CrCONi CrMnFeCONl
(24, 48 and 96 h) of the oxide a) 5 T T T b) T T T
scale thickness at 800 °C in | 2% o, 351 2% 0, )
different atmospheres for a — 4] s n0 — 304 [ i0% 1,0 i
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Table 4 Comparison of the pg,, pg, and oxidation rate constant k of the single gas experiments (O,, H,0) [26] and the mixed gas atmosphere

experiment (Ar-O,-H,0-S0,)

Atmosphere (carrier gas: Ar) Dop [atm] Dsy [atm] N [-] Oxidation rate constant k[pm-h’l]
CrCoNi 2% O, (98% Ar) 0.02 - 2.4 1.3x1077

10% H,0 (90% Ar) 1077 - 1.48 3.9%x107

10% H,0, 2%0,, 0.5% SO, (98% Ar) 0.0197 107% 3.00 3.7x 107! (spallation)
CrMnFeCoNi 2% O, (98% Ar) 0.02 - 1.10 8.2x1072

10% H,0 (90% Ar) 1077 - 1.90 47x10710

(spallation)
10% H,0, 2%0,, 0.5% SO, 0.0197 107% 1.14 9.8x1072

(98% Ar)

Partly repetition of previous data from [26]

and Mn sulfates. The thick (up to 30 um), non-protective
oxide layer after 96 h of exposure consisted of an inner
continuous (Mn,Cr),03, an intermediate dense Mn;0,,
and an outer, porous, discontinuous Mn;0, layer, het-
erogeneously intermixed with MnSO, particles. Mn rich
sulfides were observed within the bulk material of the
HEA after all exposure times, indicating constant sulfur
transport towards the alloy through the oxide/sulfate layer.
The results were evaluated considering thermodynamic
and kinetic boundary conditions. As for our previous

experiments in more simple atmospheres (air, 98% Ar-2%
0,, 90% Ar-10% H,0,), Mn increased the reaction kinetics
in the corrosion process due its fast diffusion in the alloy
and through previously formed Cr,0; or Mn;0, oxides.
The high amount of Mn and the fast Mn outward diffusion
are responsible for the fast layer growth.

This study of relatively short time behavior (up to
96 h) proves that CrCoNi is a suitable candidate for
high-temperature applications in hot and aggressive
sulfur-containing gas atmospheres while CrMnFeCoNi is
not.
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