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A B S T R A C T   

Due to the preferential oxidation of Cr in various corrosion-resistant alloys, Cr-depletion extensively forms 
around the oxides and impairs passivation ability. This harmful effect has been widely recognized, but available 
solutions are limited. Here, to prevent such oxidation-induced Cr-depletion in corrosion-resistant alloys, we 
proposed a general strategy based on inclusion engineering using oxygen-preferred elements in alloy design. The 
inclusion-Cr depletion-passivation relationship was systematically studied in 3.5 wt% NaCl using commercially 
cast original, Si-modified, Al-modified, and Ti-modified CoCrFeMnNi alloys, in which the prominent inclusions 
were identified as MnCr2O4, MnO-SiO2, AlN, and TiN, respectively. Unlike the original alloy, all modified alloys 
prevented Cr-depletion with improved corrosion resistance; however, the Si-modified alloy exhibited the most 
remarkable improvement due to few nitride by-products. Thermodynamic analysis on the free energy changes of 
potential reactions revealed that all the additives were preferential to be oxidized over Cr, whereas Al and Ti 
nitridation reactions have the most negative free energies compared to all oxidation reactions, which validated 
experimental results. From experiments and thermodynamics, an effective method was proposed, and its 
application was discussed with three newly-designed alloys prepared using arc melting. We believe the proposed 
strategy can be widely used in designing alloys to prevent oxidation-induced Cr-depletion.   

1. Introduction 

Chromium-based passivation was found in the early 1910s [1] and 
has always been the essential mechanism for extensive corrosion- 
resistant alloys, such as stainless steel [2,3], nickel-based alloys [4,5], 
which have been widely used in infrastructures and industrial equip
ment, and recently developed high entropy alloys (HEAs) [6–8]. To form 
a protective passive film in an alloy, sufficient Cr is required. For 
stainless steel, the critical threshold of Cr content was evaluated to be 
11~13 wt% through experiments and simulations based on percolation 
theory [9–11]. However, local Cr-depletion frequently generates around 
inclusions in material preparation. Due to a decreased Cr concentration, 
sometimes falling severely below the critical threshold, passive films 
formed over these regions are known to be susceptible and, thus, pref
erential to induce local corrosion or passivation failure [12,13]. 

Despite some controversy, it has been suggested that Cr-depletion 
can be generated in the vicinity of sulfide inclusions [14–16], particu
larly MnS. In 316F stainless steel, for instance, a Cr-depletion band with 
200–400 nm was observed around MnS [14]. One crucial explanation 

for the MnS-induced Cr-depletion is the substitution of chromium for 
manganese, which leads to the formation of more complex (Mn, Cr)- 
sulfides with high Cr content of 37 wt% [15] as well as lower Cr con
centrations surrounding. It is argued that this Cr-depletion band dis
solves ahead of MnS, thereby initiating pitting corrosion. On the other 
hand, the dissolution of MnS itself was believed to trigger pitting 
corrosion [17–19]. Consequently, sulfur content is often controlled to 
low levels in advanced alloys that require superior corrosion resistance. 

Oxide inclusions often predominate over MnS in common stainless 
steels without re-sulfurization, as the oxidative atmosphere cannot be 
entirely prevented, particularly in industrial productions [20]. In addi
tion to impurities associated with natural minerals, oxide inclusions can 
form in various metallurgical processes, such as solidification [21–23], 
high-temperature processing [24,25], and sprayed coating [12,26,27]. A 
typical example is the stainless steel prepared by thermal spraying [12]. 
Two major oxides of FeCr2O3 and (Cr, Fe)2O3 with a large amount of Cr 
formed at the intersplats. The oxidative reactions consumed the sur
rounding Cr and led to the formation of Cr-depletion near the intersplats 
during solidification or thermal processing. As a result, the Cr: Fe ratio in 
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the edge of the steel to inclusion is ~0.27, quite lower than ~0.37 in the 
distant matrix, not to mention those in the oxides. Pitting corrosion was 
frequently found in this susceptible area due to the galvanic cells be
tween the Cr-depletion regions and Cr-rich oxides. Furthermore, 
increasing when Mn-alloying increased, corrosion resistance appeared 
to degrade more severely [28–30]. For instance, increasing Mn content 
in a Fe-18Cr casted alloy [27] led to more frequent pitting, even at the 
sites without MnS. Before pitting propagation, the electrochemical 
current spiked at higher magnitudes in the metastable region. This 
deterioration was attributed to the increase in the density and size of (Fe, 
Cr, Mn)-oxides, which enhanced the probability of pitting initiation. 
More seriously, in a CoCrFeMnNi casted alloy with ~20 wt% Mn, no 
passivation behavior was observed during potentiodynamic polarization 
in 3.5 wt% NaCl [13,31]. Localized corrosion occurred from the edge of 
the matrix to the MnCr2O4 inclusion, where the Cr content was lower to 
~13 wt% [13], nearing the critical point for passivation. The increased 
Mn content may exacerbate Cr-depletion by facilitating oxidative re
actions, as spinel oxide forms from corundum oxide released heat, which 
was thermodynamically favored [21]. 

Although the harmful effect of oxidation-induced Cr-depletion on 
corrosion resistance has been widely investigated, solutions to address 
this issue remain limited. One direct method is to reduce atmospheric 
oxygen levels. For instance, the CoCrFeMnNi alloy made using a high 
vacuum arc furnace demonstrated greater pitting resistance than its non- 
passive counterpart produced with common melting equipment, owing 
to a lower density of oxides under higher vacuum degrees [13]. How
ever, implementing high vacuum conditions is costly and challenging in 
large-scale industrial production. Another possible method is to mini
mize inclusion density by surface treatments, like acid cleaning. In this 
case, inclusions, as well as the susceptible Cr-depletion regions near the 
surface, were probably to be removed [32–35]. While this method can 
sometimes be effective as the surface is cleaned comprehensively, the 
inner Cr-depletion may still be exposed when suffering from mechanical 
abrasion in real-world applications. 

In ferrous process metallurgy, inclusion engineering has been pro
posed to achieve deoxidation by thermodynamically adjusting the 
composition and structure of inclusions in addition to their size and 
density [36–38]. Previous research implied that such inclusion modifi
cation [13] could be a practical method for improving corrosion resis
tance, but it is fragmentary, and the mechanism attached to anti- 
corrosion enhancement was not fully understood. As various Cr- 
containing oxides, such as Cr2O3 [39], MnCr2O4 [23,29], FeCr2O4 
[12], (Cr, Mn)(O, C, S) [40], (Cr, Mn, Al)O [41], (Cox, Ni1-x)Cr2O4 [27] 
were found in alloys fabricated by different metallurgical techniques, 
they probably follow different mechanisms and formation pathways, 
making the issue somewhat complicate. In the present study, we propose 
an effective strategy based on inclusion engineering, specially tailored to 
avoid oxidation-induced Cr-depletion in alloy design. This strategy was 
accomplished after a systematical and detailed investigation of the 
original, Si-modified, Al-modified, and Ti-modified CoCrFeMnNi high 
entropy alloys, in which the inclusions and surrounding Cr distributions 
were studied by transmission electron microscopy (TEM), energy 
dispersive spectroscopy (EDS), and energy electron loss spectroscopy 
(EELS), and corrosion resistance was measured by potentiodynamic 
polarization (PDP). The underlying mechanism was elucidated by 
thermodynamic analysis, and its application was discussed using three 
newly-developed alloys. 

2. Materials and methods 

2.1. Materials 

Four alloys were used for the initial study, including the original, Si- 
modified, Al-modified, and Ti-modified CoCrFeMnNi HEAs. In addition, 
another three alloys were developed to validate the proposed strategy, 
including Ni-20Cr20Mn, Ni-20Cr20Mn2Si, and V-20Cr20Mn in nominal 

weight percentage. Fig. 1a shows the preparation steps of the four HEAs, 
in which all raw materials used were commercially available pure ele
ments, not highly purified, and the metallurgical processes were under 
moderate vacuum conditions. The present alloy preparation indicates 
that inclusions are inevitably present in all HEAs. The chemical com
positions of the four HEAs are shown in Table 1. The contents of Co, Cr, 
Fe, Mn, Ni, Si, Al, and Ti were measured using an inductively coupled 
plasma-optical emission spectrometer (ICP-OES, Agilent 5100). The 
contents of O, S, and N were determined using a gas analyzer (LECO 
CS206 and ON836). 

2.2. Characterizations 

The HEA phases were determined using X-ray diffraction (XRD, 
Rigaku, SmartLab) with Cu Kα radiation over a 2θ range of 35~100◦ and 
were analyzed with the ICCD database (PDF#03-065-9094 and 
PDF#00-004-0850). The inclusions in all HEAs were first analyzed using 
scanning electron microscopy (SEM) equipped with an energy dispersive 
spectroscopy (EDS) detector and electron back-scattering diffraction 
detector (EBSD). Inclusion area ratios were roughly evaluated by ten 
SEM images using ImageJ software, respectively. Inclusion cross- 
sections were prepared by a lift-out method using a focused ion beam 
(FIB), and their structures with nearby elemental distributions were 
analyzed using a transmission electron microscopy (TEM, Talos F200X) 
equipped with Super-X EDS detector and electron energy loss spectros
copy (EELS). Thermodynamic calculations were based on the proposed 
reactions using the HSC chemistry database. 

2.3. Electrochemical measurements 

To evaluate the passivation behaviors for all HEAs, potentiodynamic 
polarization (PDP) was carried out in an aerate 3.5 wt% NaCl solution at 
room temperature using an electrochemical workstation (PARSTAT 
3000A, Princeton Applied Research). A three-electrode cell was 
employed, and the samples, a saturated calomel (SCE) and Pt sheet 
served as the working electrode, reference electrode, and counter elec
trode, respectively. The tested HEAs were machined in a 10 × 10 × 3 
mm3 dimension and molded by epoxy resin with one face (10 × 10 mm2) 
exposed. Note that all the tested alloys were treated in 30 vol% HNO3 at 
50 ◦C for 60 mins before molding to avoid the influence of crevice 
corrosion [42]. Moreover, the absence of crevice corrosion was 
confirmed after each corrosion test using optical microscopy, as in 
previous research [13]. The exposed faces were ground to 2000 grit with 
SiC papers and cleaned using acetone and deionized water. Before 
testing, the samples were polarized at − 0.85 VSCE for 5 min to remove 
the air-formed passive film and retained in the solution for 1 h to obtain 
a relatively stable open circuit potential (OCP). The PDP measurements 
were conducted at a scanning rate of 0.33 mV/s. 

3. Results 

3.1. Macroscopic observations 

The original CoCrFeMnNi and the other three modified CoCrFeMnNi 
alloys, namely O-HEA, Si-HEA, Al-HEA, and Ti-HEA, are considered in 
this study. First, the water-quenched samples (Fig. 1a) were ground and 
polished to expose inner inclusions, followed by structural and 
morphological characterizations using XRD and SEM. The XRD results in 
Fig. 1b show that O-HEA, Si-HEA, and Al-HEA have a full FCC structure, 
whereas Ti-HEA, despite having the same FCC matrix, seems to contain a 
certain amount of the other phases (see the dashed square). According to 
PDF cards, this new phase is primarily identified as Ti nitrides, which 
will be disclosed in the following sections. Surface morphologies 
(Fig. 2a) indicate the presence of inclusions in all alloys, whereas the 
inclusion amount of Ti-HEA is significantly higher compared to the other 
alloys. To roughly quantify inclusions, a statistical analysis of the 
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inclusion area ratio based on ten images at 500x magnification was 
conducted. The results (Fig. 2b) show that the inclusion area ratio in Ti- 
HEA is as high as 3.01 %, far more than those in the other HEAs, which 
provides a sufficient signal for XRD detection by a common source 
(Fig. 1b). 

Fig. 3 shows the SEM-EDS results of the typical inclusions in the four 
HEAs. It can be observed that MnS presents in all the samples, as widely 
recognized [43]. Compared to O-HEA from EDS mapping results, the 
inclusions in Si-HEA, Al-HEA, and Ti-HEA form primarily due to the 
addition of Si, Al, and Ti, respectively. Notably, regardless of the 
element introduced, Cr is no longer enriched in the inclusions (including 
MnS) of the modified CoCrFeMnNi alloys. One significant difference 
between the modified HEAs is that the Si-HEA inclusions are oxides, 
whereas the inclusions in both Ti-HEA and Si-HEA are nitrides. These 
observations align well with the quantitative measurements of O and N 
for the bulk alloys (Fig. 2b). 

3.2. Inclusion microstructures 

To unveil their microstructures and compositions, we lifted out 
typical inclusions using FIB and then analyzed them using TEM, EDS, 
and EELS. Although MnS is commonly present in all the HEAs, nearly no 
Cr is incorporated, as revealed by SEM-EDS (Fig. 3). For simplifying and 
focusing on oxides, MnS will not be specifically identified. Thus, the 
inclusions in the following sections are referred to as Cr-based, Si-based, 
Al-based, and Ti-based oxides/nitrides in O-HEA, Si-HEA, Al-HEA, and 
Ti-HEA, respectively. 

3.2.1. O-HEA inclusion identification by TEM-EDS 
We first identified the inclusion in O-HEA, as shown in Fig. 4. The 

HAADF image in Fig. 4a presents an overall view. It can be determined 
from the high-resolution TEM (HRTEM) image and corresponding fast 

Fourier transformation (FFT) patterns (Fig. 4b) that the inclusion has a 
face-centered cubic (FCC) structure. Moreover, STEM-EDS (Fig. 4c) 
shows that the inclusion is rich in Cr, Mn, and O but deficient in Fe, Ni, 
and Co. Combining the EDS point spectrum (Fig. S1a), the chemical 
formula of Cr-rich oxide is finally determined to be MnCr2O4 with a 
lattice parameter a = 8.47 Å (PDF# 00-054-0876), which has also been 
reported in previous studies [13,31]. In contrast to the Cr chemical 
composition of ~20 wt% in the matrix, the Cr content in MnCr2O4 is as 
high as 27.6 wt%, indicating the diffusion of Cr from the matrix [12]. 

3.2.2. Si-HEA inclusion identification by TEM-EDS 
Fig. 5a is the HAADF image showing a part of the inclusion in Si- 

HEA. One can see that after adding Si, the inclusion is transformed 
into amorphous, as supported by the HRTEM image (Fig. 5b) and cor
responding FFT diffractogram (Fig. 5c). Further EDS elemental mapping 
reveals that the inclusion is no longer rich in Cr but comprises both the 
newly introduced Si and Mn. Although the point spectra (Fig. S1b) 
cannot determine the atomic ratio of Mn: Si: O, the amorphous oxide has 
been widely found in steel. This oxide family is commonly named MnO- 
SiO2 [44,45], as is the case in the present study. 

3.2.3. Al-HEA inclusion identification by TEM-EDS-EELS 
Fig. 6a shows the FIB thin foil inside with two separated Al-HEA 

inclusions. The inclusion-matrix interface was examined using TEM 
and STEM-EDS, as shown in Fig. 3b-d and Fig. 3f-h. From the selected 
area electron diffraction (SAED) diffractogram (insert image in Fig. 6d), 
the matrix structure is identified as FCC, which is consistent with XRD 
spectra (Fig. 1b). Meanwhile, HRTEM with the corresponding FFT dif
fractogram and standard atom model (Fig. 6f-h) reveals that the AlN has 
a hexagonal close-packed structure (HCP). The EDS mapping images 
(Fig. 6c) show that the modified inclusions only contain Al and N, with 
almost no Cr. Same elemental distributions are also identified by EELS 
mapping, and no other light elements, such as C and O, are incorporated 
(Fig. S2). Since the EDS point spectrum is accurate enough (Fig. S1c), 
EELS was used for quantifying. As shown in Fig. 6e, the count ratio of Al 
and N in the inclusion is finally quantified as one-to-one, revealing a 
chemical formula of AlN. Hence, the inclusion in Al-HEA is determined 
to be HCP AlN (PDF#01-075-1620), and the corresponding lattice 
parameter is a = 3.13 Å (Fig. 6f). 

3.2.4. Ti-HEA inclusion identification by TEM-EELS 
The microstructure identification of Ti-based inclusion in Ti-HEA by 

TEM-EELS is shown in Figs. 7 and 8. Since EDS spectra of light elements 
such as N, O, and C are hidden in the spectra of other major elements, 
particularly Ti (Fig. S1d), it is difficult to outline their locations and even 
make a qualitative analysis (Fig. S3); thus, EELS elemental mapping was 
used instead of EDS. As shown in Fig. 8b, the EELS elemental mapping 
demonstrates different distributions of light elements compared with 
EDS (Fig. S3). The spectra determine that the anions in the Ti-based 

Fig. 1. Material preparation and structures. (a) A schematic illustration of metallurgical and thermomechanical processing of the four HEAs. (b) XRD spectra of the 
four HEAs after homogenization. 

Table 1 
Chemical compositions of O-HEA, Si-HEA, Al-HEA, and Ti-HEA in the present 
study. X represents Si, Al, and Ti in Si-HEA, Al-HEA, and Ti-HEA, respectively.  

Alloys  Co Cr Fe Mn Ni S X 

O-HEA wt.%  21.5  18.3  21.0  19.6  19.5  0.0097 −

at.%  20.4  19.8  21.0  20.0  18.6  0.017 −

Si-HEA wt.%  21.0  19.0  20.1  18.8  19.3  0.0088 1.76 
at.%  19.6  20.1  19.8  18.9  18.1  0.0150 3.35  

Al-HEA wt.%  19.5  19.3  19.5  20.0  19.6  0.0047 2.00 
at.%  18.1  20.4  19.1  19.9  18.3  0.0080 4.05  

Ti-HEA wt.%  19.4  19.8  20.2  20.0  18.8  0.0054 1.82 
at.%  18.3  21.2  20.2  20.3  17.8  0.0090 2.12  
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inclusions are a mixture of N, O, and C. 
The representative background-subtracted EELS core-loss spectra of 

the area outlined in Fig. 7a were extracted and presented in Fig. 7e. By 
comparison, the peaks of C are observed in all selected regions, whereas 
O and N are present in the core of the inclusion. This is reasonable given 
that both TiC and TiN have an FCC structure, as revealed by Fig. 7c-d. 
Some unknown spots (yellow arrows) are also observed in square d ac
cording to the FFT diffractograms in Fig. 7d2. On the other hand, the 
chemical composition measure from the EELS line-scanning corresponds 
well to the chemical assembly of TiC, TiN, and TiO2 (Fig. 8c), indicating 
the unknown spots may originate from TiO2 diffraction. Note that TiC 
may be an impurity already present in the raw materials, and TiO2 may 
be a by-product of exposing FIB foil to the air. However, the majority of 
Ti-based inclusions should be TiN [46,47], as supported by the overall 
measurements of O and N contents (Fig. 2b). The oxygen content in Ti- 
HEA is below 10 ppm, whereas the nitrogen content is as high as 800 
ppm. Hence, the inclusions in Al-HEA are mostly composed of FCC TiN 
(PDF#00-002-1159), slight impurities of TiC, and perhaps tiny Ti- 
contained oxides. The lattice parameter of the major FCC TiN is iden
tified as a = 4.48 Å (Fig. 7c and d). 

3.2.5. Inclusion confirmation by EBSD 
According to inclusion identification, i.e., cell structure and lattice 

parameters, crystal files of MnCr2O4, TiN, AlN, and MnS were built for 
EBSD analysis. Subsequently, large-scale inclusion confirmation was 
conducted with EDS to differentiate phases with similar structures but 
different chemical compositions. Fig. 9 gives some representative re
sults. The band maps (Fig. 9a-d) clearly locate the inclusions in different 
HEAs where TiN is most prevalent in both grains and grain boundaries. 
Meanwhile, the detected Kikuchi patterns of MnCr2O4 (green pixels in 
Fig. 9e), amorphous MnO-SiO2 (dark pixels in Fig. 9f), AlN (blue pixels 

in Fig. 9g), and TiN (pink pixels in Fig. 9h) match well with the standard 
Kikuchi lines of the edges extracted from database, respectively. Note 
that the brown pixels represent some Al-based oxides as impurities. The 
EBSD results confirm the structure identifications from TEM and the 
extensive formation of MnCr2O4, MnO-SiO2, TiN, and AlN in O-HEA, Si- 
HEA, TiN, and AlN, respectively. 

3.3. Cr distributions 

Due to its crucial role in corrosion resistance [2,4,8], Cr distributions 
across the inclusion-matrix interfaces were specially analyzed using EDS 
elemental line-scanning. The corresponding HAADF images were 
extracted with line profiles, where the inclusions are on the left and the 
matrixes are on the right. Fig. 10a shows the elemental line profile of the 
inclusion-matrix interface in O-HEA. The valley-shaped HAADF profile 
across the interface indicates the presence of a gap that might be 
occupied by MnS or nano-particles milled during FIB foil preparation. 
Interestingly, the results show that all the principal elements have 
concentrations that are similar to those far from the interface. i.e., at the 
position of 600 nm, indicating a homogenous distribution (Fig. 10a). 
However, the closer to the interface, the more depleted the Cr concen
tration is, which is different from those of Fe and Co with no diffusion. 
The Cr-depletion zone is estimated to be 150–200 nm, and the Cr con
centration at the interface is only ~10 wt%. Such an area is often 
believed to be the region prone to induce pitting corrosion and passiv
ation failure [12–14,26,48]. It is worth noting that the sharp decreases 
of all the elements in the gray regions are due to the overlap between the 
matrix and inclusion from the observed direction, which can be revealed 
by HAADF profiles. After adding Si, Al, and Ti, in sharp contrast, the 
decreased tendency of Cr concentration is no longer present (Fig. 10b-d) 
since Cr is nearly absent in oxides of Si-HEA and nitrides of Al-HEA and 

Fig. 2. Inclusion analysis of the four HEA alloys. (a) SEM images of the inclusions in O-HEA, Si-HEA, Al-HEA, and Ti-HEA, respectively. (b) Characterizations on 
inclusion area ratios and the contents of O and N in HEAs. 
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Fig. 3. SEM-EDS mapping of the inclusions in the four alloys. (a) O-HEA. (b) Si-HEA. (c) Al-HEA. (d) Ti-HEA.  

Fig. 4. Identification of the inclusion in O-HEA. (a) HAADF image of the inclusion. (b) HRTEM image of the MnCr2O4-MnS interface outlined in (a). (c) EDS mapping 
of the area outlined in (a). 
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Ti-HEA (Fig. S1). In the meantime, due to an extremely low concen
tration of oxygen (<10 ppm) detected (Fig. 2b), it is believed that almost 
no MnCr2O4 or other Cr-based oxides formed in both Al-HEA and Ti- 
HEA. Hence, although the inclusions in Si-HEA, Al-HEA, and Ti-HEA 
are different, the nanoscale Cr-depletion is prevented by modifying 
inclusions. 

3.4. Passivation behaviors 

Next, the corrosion-resistant behavior of all HEAs was measured five 
times in 3.5 wt% NaCl using PDP. Fig. 11 shows all the experimental 
curves with a summary of corrosion current density (Icorr) and pitting 
potential (Ep). The fitting results of the Tafel region show that the 
average Icorr values of O-HEA, Si-HEA, Al-HEA, and Ti-HEA are 110, 58, 
101, and 149 nA/cm2, respectively. The larger fluctuations of Icorr and 
corrosion potential (Ecorr) in Al-HEA and Ti-HEA are probably attributed 
to the more micro-galvanic cells formed between the matrix and in
clusions (Fig. 2). However, the most significant observation is the 
passivation behavior, where O-HEA surprisingly demonstrates passiv
ation failure. For clearer comparison, pitting corrosion in alloys with or 
without passivation behavior is assumed to occur at a current density of 
100 μA/cm2 [42]. As shown in Fig. 11, the average Ep values of O-HEA, 
Si-HEA, Al-HEA, and Ti-HEA are 56, 374, 203, and 118 mV, respectively. 
It indicates that all the doping elements improve the pitting resistance of 
CoCrFeMnNi, and the improvements from additives can be summarized 
as: Si > Al > Ti. 

4. Discussion 

4.1. Significance of Cr-depletion prevention 

The passivation failure of the CoCrFeMnNi alloy in the NaCl solution 
has been acknowledged in previous studies, yet its underlying reasons 
appear to be diverse and complex [29,31,49]. One such cause is galvanic 
corrosion between the matrix and oxide inclusion. Pitting corrosion 
previously identified around the oxides was attributed to the formation 
of MnCr2O4/matrix galvanic cells. This argument gained support from 
the enhanced pitting resistance, which was achieved by reducing the 
volume of oxides in the matrix using high vacuum metallurgy tech
niques [31]. Another investigation attributed this severe deterioration to 
the presence of Mn and Co in the alloy. During PDP, Mn and Co just 

dissolved into cations, but corresponding oxides and hydroxides could 
not deposit due to the high H+ concentration resulting from metal hy
drolysis [49]. One proposed solution was to consume H+ ions and in
crease local pH by alloying with N, thereby recovering the deposition of 
Mn and Co cations. It is worth noting that while pitting corrosion is 
commonly believed to commence with the dissolution of MnS in stain
less steel [17–19], this does not necessarily mean passivation cannot 
occur in 3.5 wt% NaCl that is frequently observed in the CoCrFeMnNi 
alloy and importantly, the S content in O-HEA is relatively low (Table 1). 

In contrast, our study emphasizes the fatal role of Cr-depletion in 
passivation failure. While Cr is well-known for its essential contribution 
to corrosion resistance, achieving effective passivation in alloys neces
sitates a specific chromium content, typically falling within the range of 
11 to 13 wt% in stainless steel [9–11]. The passivation failure in O-HEA 
seems quite unusual in terms of a considerable amount of Cr, i.e., 20 wt 
%,. However, the EDS line-scanning across the oxide-matrix interface 
shows that Cr concentration near the matrix edge to oxide can lower to 
10 wt% (Fig. 10a), of which the value is below its critical threshold. If 
localized corrosion prior forms in some sites [12,13] with such low Cr 
concentrations, the passivation of O-HEA as a whole becomes incom
plete. This is why the Icorr of O-HEA in all repeated experiments 
(Fig. S4a) progressively increases without displaying a platform as the 
potential increases. 

After Si addition, the alloy displays clear passivation regions and 
high pitting potentials in the range of 300~400 mV (Fig. 11), of which 
the level is comparable to commercial 316 stainless steel and other HEAs 
with similar pitting resistance equivalent numbers (PRENs). In other 
words, it signifies a “returning to its expected position” [50–53]. 
Although pitting corrosion can be found in both O-HEA and Si-HEA, 
pitting initiation was different (Fig. 12), as argued in our previous 
research [13]. Typically, O-HEA exhibits obvious pits (Fig. 12a) at 200 
mV with the current density reaching ~1 mA/cm2 (Fig. 11a), similar to 
the value observed when corrosion tests are halted. In contrast, the 
current density of Si-HEA at 200 mV ranges only from 10− 4 to 10− 2 mA/ 
cm2 with a metastable stage (Fig. 11b). Meanwhile, the concentrations 
of S associated with inclusions are often undetected (Fig. 12b). There
fore, we attribute this metastability to the dissolution of MnS. In addi
tion to the improved corrosion resistance, Si-HEA exhibits both higher 
strength and ductility over O-HEA (Fig. S4), demonstrating the strong 
potential of Si to overcome the strength-ductility trade-off in HEAs. The 
mechanisms have been extensively studied, with the main reasons 

Fig. 5. Identification of the inclusion in Si-HEA. (a) HAADF image of the inclusion. (b) HRTEM image of the oxide-matrix interface outlined in (a). (c) FFT dif
fractograms of the MnO-SiO2 inclusion. (d) EDS mapping of the area outlined in (a). 
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identified as the lower stacking fault energy and solid solution 
strengthening caused by Si addition [54–57]. Consequently, the current 
study focuses on the impact of corrosion resistance. 

For the Al-HEA and Ti-HEA, although the oxides and Cr-depletion in 
the inclusion-matrix interface were effectively prevented (Fig. 2b and 
Fig. 10), these modifications generated more nitrides by-products 
(Fig. 2b, Fig. 6, and Fig. 7). Rather than the Cr-depletion region in O- 
HEA, pitting corrosion is more likely to occur in the matrix where MnS is 
assumed to be incorporated (Fig. 12c-d) and in the inclusion-matrix 
interfaces that more extensively present in Al-HEA and Ti-HEA. The 
increased quantity of inclusions can be observed from the statistical 
analysis of the inclusion area. The inclusion area ratios in O-HEA and Si- 
HEA are 0.32 % and 0.34 %, respectively, whereas in Al-HEA and Ti- 
HEA, they are 0.94 % and 3.01 %, respectively. The massive in
clusions may also form galvanic cells with the matrix, potentially 
accelerating localized corrosion due to the larger anode-to-cathode area 
ratios. These reasons facilitate pitting initiation [51,58–60] and result in 
inferior improvement compared to Si-HEA. Particularly in Ti-HEA, given 
that the TiN precipitates are non-uniformly distributed in both grain and 
boundaries (Fig. 2a and 9), and the morphology of the bulk TiN in
clusions varies [61], it is reasonable to expect Ti-HEA that have unstable 
performances (Fig. 11d). However, the comparison on pitting potentials 

(Fig. 11) reveals that Al and Ti somehow improve pitting resistance even 
when larger quantities of inclusions have been introduced. 

Admittedly, fully understanding the mechanism of pitting corrosion 
and developing effective strategies is complicated, with variables such 
as the chemical compositions of passive films also likely being influ
enced by additives. Our focus is on the inclusion-Cr depletion-passiv
ation relationship, as this is fundamentally related to the passivation of 
Cr-based alloys rather than the effects of passive film from minor ad
ditives. Moreover, these additives significantly affect the local envi
ronments of inclusion-matrix interfaces and the distribution of Cr. On 
this basis, the superior performance of Si-HEA over Al-HEA and Ti-HEA 
can be explained by two factors. First, the addition of Si prevents the 
formation of Cr-depletion zones, which are the most vulnerable to 
pitting corrosion. Second, unlike Al-HEA and Ti-HEA, Si-HEA generates 
significantly fewer inclusions (Fig. 2), thereby reducing the corrosion 
risk associated with the second phase and galvanic effect. In summary, 
we attribute the poor corrosion resistance of O-HEA to Cr-depletion and 
underscore the great importance of preventing its formation. Among 
these elements, Si not only enhances corrosion resistance most effec
tively but also successfully overcomes the strength-ductility trade-off. 

Fig. 6. Identification of the inclusion in Al-HEA. (a) TEM image of the sample prepared by FIB. (b) HAADF image of the inclusion. (c) EDS mapping of the area 
outlined by the green square in (b). (d) TEM image of the inclusion. (e) EELS point spectrum of the area outlined by the red circle in (b). (f) HRTEM image of the 
inclusion. (g) FFT diffractogram of the inclusion. (h) Standard atom model of AlN. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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4.2. Thermodynamic basis of Cr-depletion prevention 

Oxide inclusions of the alloys are inevitable in metallurgical pro
cesses and often come from two sources [20]. One is the endogenous 
inclusions resulting from reactions between metals and dissolved oxy
gen. The other is the exogenous inclusions caused by entrapping 
external sources. As described in the experimental procedures, the 
preparation of HEAs can be complicated, including several metallurgical 
techniques. However, unveiling the evolution of oxide inclusions step by 
step in different processes is challenging and might not be necessary. 
Rather than tracing intermediate products and local concentrations of 
each element, we focus on the thermodynamics of related chemical re
actions subjected to moderate vacuum conditions in alloy preparation 
(Fig. 1a). 

Consider a representative reaction of metals and gases: 

xM+G2→MxG2 (1)  

where M is metal, and G2 represents the O2 or N2 gas considered in the 
present study. The Gibbs free energy change of the reaction can be given: 

ΔG = ΔGf +RTln

(
aMxG2

ax
M⋅pG2

)

(2)  

where R is the gas constant, T is the absolute temperature, aMxG2 is the 
chemical activity of the product, aM is the activity of metal, and pG2 is the 
partial pressure of the gas. At the equilibrium state, the free energy 
change for the reaction is equal to zero: 

ΔGf = − RTln

(
aMxG2

aM⋅pG2

)

(3)  

ΔGf is formation energy that can be obtained from: 

ΔGf = ΔH0
298 − TΔS0

298 (4)  

where ΔH0
298 and ΔS0

298 is the standard enthalpy and entropy changes of 
corresponding oxide formation at 298 K. Provided one mole O2 as a 
reference, the Gibbs formation energies of the proposed oxidation re
actions can be calculated according to Eqs. (5)–(13). 

2Ni+O2 = 2NiO (5)  

2Co+O2 = 2CoO (6)  

2Fe+O2 = 2FeO (7)  

2Mn+O2 = 2MnO (8)  

4
3

Cr+O2 =
2
3
Cr2O3 (9)  

1
2

MnO+
1
2

Cr2O3 =
1
2

MnCr2O4 (10)  

Si+O2 = SiO2 (11)  

Ti+O2 = TiO2 (12) 

Fig. 7. Inclusion identification of the inclusion in Ti-HEA. (a) TEM image of the inclusion in Al-HEA. (b) Structure identification of the interface outlined by the 
square b. b1: HRTEM image, b2: SAED diffractogram of TiC, and b3: SAED diffractogram of matrix. (c) Structure identification of the area outlined by square b in (a). 
c1: HRTEM image, and c2: standard atom model of TiN projected from [011]. (d) Structure identification of the area outlined by the square d in (a). d1: HRTEM 
image, d2: FFT diffractograms, and d3: standard atom model of TiN projected from [112]. (e) EELS spectra of the area outlined by the squares a, and d in (a). 
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4
3

Al+O2 =
2
3

Al2O3 (13) 

The oxidations of Al, Ti, and other matrix elements were calculated 
following the most thermodynamically-favored reactions. The forma
tion of MnCr2O4 was often considered through a two-step process [62], 
which is summarized in Eqs. (8)–(10). When assuming that the pro
portion of oxygen and nitrogen is similar to what they are in the air that 

corresponds to moderate metallurgical and thermal processing condi
tions (Fig. 1a), the formation of Si3N4, TiN, and AlN can be expressed by 
Eqs. (13)–(15). 

6Si+ 4N2 = 2Si3N4 (13)  

8Al+4N2 = 8AlN (14)  

Fig. 8. EELS spectra of the inclusion in Ti-HEA. (a) HAADF image of a selected area in Ti-HEA. (b) The EELS mapping of each element. (c) Line scanning of C, N, and 
O extracted from the EELS mapping. 

Fig. 9. EBSD identifications of inclusions in HEAs. (a-d) Band maps of O-HEA, Si-HEA, Al-HEA, and Ti-HEA, respectively. (e-h) Phase map and inclusion Kikuchi 
patterns of O-HEA, Si-HEA, Al-HEA, and Ti-HEA, respectively. 
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8Ti+4N2 = 8TiN (15)  

Based on the above reaction coefficients, we plot an integrated Elling
ham diagram that comprises the reactions of metals with oxygen and 
nitrogen, as shown in Fig. 13. 

In general, the lower a metal’s line is positioned in the Ellingham 
diagram, the more stable its oxide is. Clearly, the values of ΔGSiO2 , the 
assumed ΔGAl2O3 and ΔGTiO2 are more negative than those of ΔGCr2O3 and 
ΔGMnCr2O4 at all temperatures. As a result, the driving forces for the 
formation of SiO2, Al2O3, and TiO2 are stronger than those of Cr-based 
oxides, thereby preventing the Cr diffusion and the generation of Cr- 
depletion (Fig. 10) during solidification and thermal processing [12]. 
On the other hand, the alloy-making processes, such as casting and 
forging, were conducted under ordinary vacuum conditions (Fig. 1), 
which means the atmosphere contains both oxygen and nitrogen. In the 
diagram (Fig. 13), ΔGSi3N4 is more positive than ΔGSiO2 at high tem
peratures, whereas ΔGTiN and ΔGAlN is more negative than ΔGAl2O3 and 
ΔGTiO2 , respectively. In contrast to the formation of oxides in Si-HEA, the 
observed nitrides in Al-HEA and Ti-HEA are well explained by the cal
culations. Importantly, the values of ΔGTiN and ΔGAlN are far more 
negative than the free energies of oxides including the original MnCr2O4, 
and therefore, the driving force for related inclusions can finally sum
marized as: TiN > AlN > SiO2 > MnCr2O4. The results also provide a 
good understanding of the different inclusion amounts (Fig. 2b) and 
corrosion-resistant enhancements (Fig. 11) observed in the four HEAs. 
For other alloying elements, it is evident that the oxides of NiO, FeO, and 
CoO have the most positive free energies, corresponding to the few 
concentrations of Ni, Fe, and Co found in the oxide inclusions of all 
HEAs. 

As aforementioned, the spinel oxide MnCr2O4 is the failure mecha
nism (Fig. 11) that impairs the corrosion resistance of CoCrFeMnNi by 
forming a Cr-depletion zone adjacent to the inclusion. It is possible to 

hamper the formation of the crucial Cr2O3 by using high-vacuum devices 
to produce raw materials and the alloy [31]. However, this is chal
lenging for industrial production and would significantly increase costs. 
We further plotted the relationship between oxygen partial pressure 
(pO2 ) and temperature (Fig. 13) based on the calculations from Eq. (3). 
Due to the high affinity of Cr and Mn to oxygen, for instance, the ther
modynamical prevention of Cr2O3 at 1200 ◦C requires an atmosphere 
with a pO2 below 1.58 × 10− 18, which is extremely rigorous for metal
lurgical furnaces. In contrast, the critical pO2 for the oxidation of Si is 
9.58 × 10− 24 at 1200 ◦C. Obviously, it is easier to suppress Cr2O3 for
mation by adding Si than by increasing the vacuum degree to such a high 
level. Hence, we conclude that the addition of Si among the three ad
ditives is a simple and cost-effective method that also can avoid the 
formation of nitride by-products. 

4.3. Alloy design for preventing Cr-depletion 

In spite of the diverse formation mechanisms and pathways of Cr- 
based inclusions in specific corrosion-resistant alloys, we surmise that 
preventing Cr diffusion into oxides is crucial to suppress Cr depletion, 
which can be achieved by doping other elements with similar functions 
to the additives in the present study. When ΔGCr2O3 is set as a baseline 
(Fig. 14a), the oxygen-abhorrent elements with lower oxygen affinity 
than Cr should comprise Ni, Co, Fe, and Cu. Likewise, the oxygen- 
preferred elements with higher oxygen affinity than Cr should not be 
confined to Si, Al, and Ti but also extend to V and rare earths such as La, 
Ce, Sc, and Y [63–67]. Similar to Mn, the elements of Mg and Ca, albeit 
with higher oxygen affinity than Cr and often used in ferrous process 
metallurgy [37], are not recommended as they are not exclusive and 
thermodynamically favored to form AB2O4-type with Cr [68–70]. 
Therefore, our proposed “inclusion engineering” can be described as 
follows. For developing alloys with oxygen-abhorrent elements as 

Fig. 10. EDS Line profiles across inclusion-matrix interfaces in different HEAs. (a) O-HEA, (b) Si-HEA, (c) Al-HEA, and (d) Ti-HEA.  
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principal components (Fig. 14b), such as Cu-based, Co-based, Ni-based, 
and Fe-based alloys, we suggest adding a few oxygen-preferred elements 
since the Cr-based oxides tend to form. In contrast, there is no need to 
introduce oxygen-preferred elements into alloys with them as principal 
components, such as V-based alloys, and Cr tends to remain in the 
matrix. 

Here, we show two examples based on this proposed “inclusion en
gineering”. Different from the four HEAs using commercial casting and 
forging, three alloys, i.e., Ni-based alloys (nominally Ni-20Cr20Mn and 
Ni-20Cr20Mn2Si, wt. %) and V-based alloys (V-20Cr20Mn, wt. %), were 
prepared using arc melting furnace. To investigate the Cr-depletion 
formed during solidification, thermal homogenization was not con
ducted. As a result, the elemental distributions on a macroscopic scale 
may not be uniform. 

In the first example, TEM-EDS analysis (Figs. 15 and 16) shows that 
the dominant inclusions in the original Ni-based and Si-modified Ni- 
based alloys are chromite-type spinel MnCr2O4 (Fig. 15a and S5a) and 
amorphous MnO-SiO2 (Figs. 16a and S5b), respectively, which are 
similar to those in O-HEA and Si-HEA. Both oxides likely formed in so
lidification during arc melting [21] since no extra thermal processes 
were conducted. After adding Si, the Cr-depletion zone is removed in the 
new alloy, which is revealed by comparing EDS line-scanning profiles 
(Figs. 15c and 16c). Similar MnCr2O4 [39] was also found in a Co-based 

duplex entropic alloy produced using an arc melting furnace. Although 
the present work did not investigate the Cr distribution at the oxide- 
matrix interface, the Cr-based oxides implied the Cr-depletion forma
tion and potentially harmful effects on corrosion resistance. Even the 
Cr40Co40Ni20 alloy with a high Cr content suffered from severe anti- 
corrosion degradation when considerable Cr-depletion zones formed 
around Cr-rich oxides during thermal spraying under moderate vacuum 
conditions [27]. Our results indicate that such Cr-depletion can be 
prevented by doping the proposed oxygen-preferred elements and Si- 
alloying has been successfully employed in developing other stainless 
steel with superior corrosion resistance [71]. 

Another example is the V-based alloy that contains the oxygen- 
preferred element of V as the principal component (Fig. 14a). As 
anticipated, the oxide inclusion is rich in V but nearly absent of Cr 
(Fig. 17c and S6). From TEM identification, the V-based oxide is even
tually determined to be MnV2O4 (PDF#00-039-0038) with parameter a 
= 8.53 Å. The results show that Cr assumed in the Cr2O3 oxide is 
replaced by V since ΔGV2O3 (− 503 kJ/mol O2) for consuming one mole 
of oxygen is more negative than ΔGCr2O3 (− 435 kJ/mol O2) during so
lidification, i.e., 1600 ◦C. As a result, no Cr-depletion is generated in the 
vicinity of V-rich oxide. Therefore, the three newly developed alloys 
provide strong evidence that the proposed “inclusion engineering” can 
be applied in developing other alloys prepared using different 

Fig. 11. Passivation behaviors of all alloys using potentiodynamic polarization. (a) O-HEA. (b) Si-HEA. (c) Al-HEA. (d) Ti-HEA. (e) A summary of Ep and Icorr 
of HEAs. 
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metallurgical techniques. Oxidation-induced nanoscale Cr-depletion is a 
pervasive problem that degrades corrosion-resistant alloys. Our strategy 
also provides a promising solution in alloy design to prevent such 
degradation. 

5. Conclusions 

The inclusions, surrounding Cr distributions, and corrosion resis
tance of the original, Si-modified, Al-modified, and Ti-modified CoCr
FeMnNi high entropy alloys are studied and compared. An effective 
strategy based on “inclusion engineering” is proposed for designing 
corrosion-resistant alloys to prevent Cr-depletion. The main findings 

are:  

1. The dominant inclusions in the original, Si-modified, Al-modified, 
and Ti-modified CoCrFeMnNi alloys are MnCr2O4, MnO-SiO2, AlN, 
and TiN, respectively. Nanoscale Cr-depletion with 150–200 nm 
forms in the original alloy but is retarded in the modified alloys due 
to the prevention of Cr diffusion. 

2. After eliminating Cr-depletion by Si, Al, and Ti, the corrosion resis
tance of all the modified alloys is improved at different levels. The 
enhancement from Si addition is the best, followed by Al and Ti. The 
inferior enhancements from Al and Ti are attributed to the large- 

Fig. 12. (a) Inclusion in O-HEA subjected to corrosion and interrupted at 200 mV. (b) Inclusion in Si-HEA subjected to corrosion and interrupted at 200 mV. (c) 
Typical pit in Al-HEA after corrosion testing at 1 mA/cm2. (d) Typical pit in Ti-HEA after corrosion testing at 1 mA/cm2. 

Fig. 13. The integrated Ellingham diagram for the formation of selected oxides and nitrides based on the Gibbs free energies of corresponding reactions over 
temperatures. The right Y-axis demonstrates the relationship between oxygen partial pressure and temperature. 
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Fig. 14. Anti-corrosion alloy development by inclusion engineering. (a) Standard Gibbs formation energies of the selected oxides at 1200 ◦C. (b) a schematic diagram 
of the proposed inclusion engineering. 

Fig. 15. Identification of the inclusions in the original Ni-based alloy. (a) HAADF image of the inclusion with insert SAED indicating its structure. (b) TEM-EDS 
mapping of the inclusion. (c) EDS elemental line profiles across the inclusion-matrix interface. 

Fig. 16. Identification of the inclusions in the Si-modified Ni-based alloy. (a) Microstructure identification of the inclusions in the Si-modified Ni-based alloy. (a1) 
TEM image of the inclusion; (a2) SAED of the area a2 in a1; (a3) SAED of the area a3 in a1. (b) HAADF-EDS mapping of the inclusion. (c) EDS elemental line profiles 
across the inclusion-matrix interface. 
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scale formation of AlN and TiN by-products with area ratios esti
mated at 1 % and 3 %, respectively.  

3. Calculating Gibbs free energy changes provides a thermodynamic 
foundation for inclusion modification and details the associated risk. 
Si, Al, and Ti all have a stronger oxygen affinity than Cr, clarifying 
the removal of Cr-depletion. However, the nitridations of Al and Ti 
are preferential to occur than their oxidations in a moderate vacuum 
condition.  

4. To prevent potential Cr-depletion, the oxygen-preferred elements are 
recommended in the development of corrosion-resistant alloys based 
on Fe, Cu, Ni, and Co. In contrast, no additional elements are 
required in V-based alloys as oxidation-induced Cr diffusion is pre
vented by V. 
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