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Abstract 

 The corrosion properties in NaCl solution of four equiatomic HEAs of the CoCrFeNi 
system adding Al, Cu and Sn are investigated. These alloys are processed by vacuum arc melting 
and assessed via the Potentiostat method. The properties were compared with two standard 
stainless steels. The results indicate that CoCrFeNiSn possesses the best passivation in this 
solution, explained by the alloy phases and presence at the surface of elements in oxidation states 
corresponding to stable oxide films. The other systems show a range of behaviours attributable 
to their different microstructures and varying potential for stable oxide formation.  

1. Introduction 

 Marine applications for structural alloys usually mean a high chloride environment 
which can lead to pitting corrosion, the localized formation of small holes at the surface.  This 
can cause structural damage, and can contribute to mechanical failure, all the more serious as 
its initiation and propagation cannot be observed by normal visual inspection [1-4]. Such 
corrosion can have a serious impact in terms of risk to human life, economy and the 
environment, and it is fortunate that there are a wide range of options for preventing corrosion; 
for example, the use of coatings [1,5], inhibitor protection [1,6], cathodic protection [1,7] and 
the introduction of alloying elements to generate a stable native oxide [1,8,9]. Stainless steels 



are well-accepted alloys for use in corrosive conditions due to their high Cr content (12-18%), 
which generates a surface oxide film and leads to reduced corrosion attack on the surface 
[1,10,11]. Recently however, there has been the discovery of new alloys which have chemical 
compositions of similar nature to stainless steels, which have better corrosion (or other) 
properties than conventional alloys.  

 This new type of alloy is called High Entropy Alloys (HEAs), also known as Complex 
Concentrated Alloys (CCAs). Originally, HEAs were taken to be alloys with single phase 
structure, though the breadth of research now encompasses several terms, and also alloys which 
are not equiatomic in composition, and which can be multiphase in structure [12,13]. In current 
usage, HEAs are multicomponent alloys with generally few solid solution phases of simple 
structure (such as body-centered cubic (BCC), face-centered cubic (FCC), or hexagonal close 
packed (HCP)) [14-17]. HEAs have been reported to have unusual properties of many types 
(including corrosion, mechanical, thermal and electrical properties, and wear properties [15-
23]), and these behaviours suggest the potential for use in numerous applications, including 
nuclear, aerospace, energy, chemical, electronics, and marine infrastructure [15,17,24,25]. In 
particular, several HEA systems have been reported to show improved corrosion properties. 
An example is CoCrFeNi which has a wide passive region and low corrosion current density 
in 0.6M chloride solution as a result of a single solid solution phase and high Cr-oxide film 
[9,17]. Co1.5CrFeNi1.5Ti0.5Mo0.1 has a high pitting potential and low corrosion current density 
in 1M chloride solution owing to Mo-oxide on the sample surface [26]. FeCoCrAlNiTi has low 
corrosion current density in 3.5% chloride solution as a consequence of the increased oxide 
film formation due to the Ti addition [15]. Because of this, the CoCrFeNi system has attracted 
the most interest for the improvement in corrosion resistance in different solutions with the 
addition of other metallic elements, such as Al, Cu, Mo, and Ti [9,17,24,25,27]. However, a 
systematic comparison of different HEAs of these types is currently lacking. In particular, as 
pointed out in Ref. [28], as well as comparison across different alloys with the same conditions 
being lacking, there is also a need for advanced characterization of surface films to properly 
interpret the behaviours seen. 

 This paper therefore reports the results of an investigation of the corrosion resistance in 
aerated 0.6M chloride solution of the CoCrFeNi system, and the same base alloy with additions 
of a series of fifth elements known to generate changes in the microstructure, Al, Cu and Sn.  
These are relatively low-cost materials and so produce alloys that are potentially tractable for 
applications.  Furthermore, the additional of Al is known to produce a single phase BCC alloy 
in the as cast state, in contrast to the FCC single phase structure of as cast CoCrFeNi [23], 
while Cu produces a two phase structure [22], as does the system with Sn [35], though this is 
somewhat less well reported in the literature. The behaviour is investigated electrochemically 
and the corrosion surfaces are explored to understand the changes occurring, and to link the 
properties to the composition and microstructure differences. The data and understanding will 
allow evaluation of such materials for use in industrial applications which require structural 
materials to operate under the risk of corrosion, such as submarine pipeline in the petroleum 
industry. 

 



2. Materials and experiments 

2.1 Materials 

 Raw materials consisted of seven elements; Co, Cr, Fe, Cu (Alfa Aesar, UK), Ni, Sn 
(Advent Research Materials, UK), and Al (Goodfellow, UK) at 99.95% purity or better. 
Specimens were made at equiatomic ratios of four alloys; CoCrFeNi, CoCrFeNiAl, 
CoCrFeNiCu, and CoCrFeNiSn. CoCrFeNi was the base composition with either no addition 
or the inclusion of Al, Cu, or Sn, as shown in Table 1. In addition, samples of the conventional 
alloys stainless steel grade 304 and 316 (SS304 and SS316) were processed by the same 
techniques from pre-alloyed material for comparison. 

Table 1  
The nominal and actual chemical compositions of the HEA specimens, the latter determined 
from EDS analysis.  

HEA systems 
Chemical composition (at.%) 

Co Cr Fe Ni Al  Cu Sn 

CoCrFeNi 
Nominal 25 25 25 25 - - - 
Actual 25.47 25.13 25.15 24.24 - - - 

CoCrFeNiAl 
Nominal 20 20 20 20 20 - - 
Actual 20.67 20.54 20.46 19.93 18.39 - - 

CoCrFeNiCu 
Nominal 20 20 20 20 - 20 - 
Actual 19.94 20.65 19.87 19.80 - 19.75 - 

CoCrFeNiSn 
Nominal 20 20 20 20 - - 20 
Actual 20.71 18.73 20.31 19.82 - - 20.42 

 The four HEA systems were created by the vacuum arc melting method (MAM1 arc 
melter, Buehler), re-melted five times [29,30], and cast into a cylindrical copper mold of 0.6 

cm diameter.  Subsequently, specimens were cut as cylinders as 6 mm in diameter  10 mm 
height and the sample surface was ground and polished from a low number of grit paper down 
to 1 micron diamond suspension.   

2.2 Experiments  

2.2.1 Electrochemical set-up for corrosion study   

 
Fig. 1. The process of corrosion specimen preparation and the final specimens used. 



 The corrosion behaviour was studied by electrochemical analysis (PGSTAT302N 
Autolab, Metrohm Autolab). Corrosion specimens were electrically connected by a copper wire 
inserted in a glass tube and later mounted by epoxy resin in cubic silicone molds [31] as shown 
in Fig. 1. The exposed area of the sample to the solution was 0.28 cm2 in each case. Three 
electrode cells were used for the corrosion investigation. The working, counter and reference 
electrodes were the prepared specimen, a platinum electrode, and Ag/AgCl reference electrode, 
respectively. The electrolyte used in this study was 0.6M NaCl solution [32] with a pH range 
from 7.65 to 7.99 at room temperature, in which each type of alloy was tested at least three 
times [33]. The scan rate used for the linear polarization was 1 mV/s [32]. The corrosion 

parameters, corrosion potential (Ecorr), pitting potential (Ep), and passivation potential (Ep), 
were analyzed after data collection by Nova 1.11.2 software.  

2.2.2 Chemical and microstructural characterization 

 Contamination on the specimen surface after corrosion experimentation was avoided 
by cleaning with deionized water and isopropanol in an ultrasonic bath for 10 min before testing 
by other techniques.  The phase composition of the samples was analyzed by X-ray diffraction 

(XRD; D2 Phaser, Bruker) over 2 angles in the range 20-100 degrees at a scan rate of 2 
deg/min [27,34]. The microstructure was observed with Scanning Electron Microscopy (SEM; 
Inspect F50, FEI) in backscattered electron (BSE) mode with Energy Dispersive Spectroscopy 
(EDS) for elemental detection on the specimen surface. The analysis of phase fraction on the 
sample surfaces was performed on a series of BSE images obtained from different locations 

for each alloy, and was carried out by using ImageJ software with analysis areas of 100 µm  
86 µm.  In addition, the passive film on the sample surfaces was analyzed by X-ray 
Photoelectron Spectroscopy (XPS; PHI5000 Versa Probe II, Ulvac-PHI). The analysis area was 

set by a X-ray beam size of 100 m diameter. Before the analysis, the sample surface was 
cleaned by Ar sputtering controlled not to exceed 10 nm in depth. Finally, cross-sections 
through particular surface features of interest in the HEA samples were obtained through 
Focused Ion Beam milling (FIB; Helios NanoLab G3 UC, FEI) after the sputtering a gold 
coating of 10 nm thickness (Q150T ES, Quorum). Cross sections were imaged by SEM to 
explore the relationship of these features to the microstructure of the alloy. 

3. Results 

3.1 As cast alloys 

As shown in Fig. 2, the analysis of the XRD results indicates that the CoCrFeNi alloy 
consists of a single solid solution FCC phase, with, as expected, peaks consistent with 
Cr0.25Fe0.25Co0.25Ni0.25 (ICDD card number: 04-018-7506).  The addition of a fifth alloying 
element either leads to the evolution of a second phase, resulting in a two phase structure, or to 
the formation of a new single phase. Of the first type, the Al addition transforms the phase from 
an FCC to BCC form (ICDD card number: 04-018-5047) with CoCrFeNiAl forming the 
ordered B2 phase with BCC structure. For the second type of effect, Cu and Sn additions lead 
to the formation of a two phase structure; CoCrFeNiCu shows segregation of elemental Cu 
(ICDD card number: 04-009-2090) from the major FCC phase present in CoCrFeNi, and 



CoCrFeNiSn retains the FCC structure of CoCrFeNi and introduces a hexagonal structure with 
similar peaks to Ni1.5-1.63Sn (ICDD card number: 04-017-6375 and 04-016-8768). 

 
Fig. 2. The XRD patterns of the four HEA samples examined, in the as-cast form. 

 This phase evolution of the HEA systems studied is in accord with previous literature 
[33-37].  It has been suggested that the phase transformation of CoCrFeNiAl alloys stems from 
the different atomic size between the elements of the CoCrFeNi system and Al, which is larger 
[33,34], though more comprehensive descriptions or alloys would use the relative energies of 
the electronic structure of different systems as a means to discriminate between different 
structures. Meanwhile, the addition of Sn as an alloying element leads to the formation of two 

phases, which is likely to be caused by the mixing enthalpy of different atomic pairs (Hmix,<ij>) 

in the system. The Hmix,<ij> of the Ni-Sn couple has the most negative value, including strong 
bonding between these being preferred, and leading to the formation of Ni-Sn phase. Other 

possible couples (Co, Cr, Fe and Ni) with Sn have a positive Hmix,<ij> value, indicating that 
these elements will not readily interact with the tin [35,36]. By similar reasoning, the influence 
of Cu on the increase in positive mixing enthalpy of CoCrFeNi system can give rise to Cu 
segregation in the HEA structure [37].   

3.2 Corrosion analysis 

 The corrosion behaviour of samples immersed in 0.6M NaCl solution at room 
temperature is analyzed by linear polarization plots. Fig. 3 shows the plot of current density (i; 
A/cm2) against potential (E; V vs. Ag/AgCl). Some of the HEA systems show good corrosion 
properties when compared with the conventional stainless steels as seen in Fig. 3. From these 
curves, the corrosion parameters such as corrosion potential (Ecorr), pitting potential (Ep) and 

passivation potential (Ep = Ep-Ecorr) can be extracted, as given in Table 2. Both Ep and Ep 
are measured to indicate the extent of the passive region under medium chloride conditions. 



These parameters help to reveal the corrosion-resisting capability of the oxide films during the 
electrochemical operation.   

 
Fig. 3. Linear polarization curves of HEA and stainless steel samples immersed in 0.6M 

NaCl solution at room temperature. 

Table 2  

The corrosion properties of HEA and stainless steel samples immersed in 0.6M NaCl solution at 
room temperature. 

Alloys Ecorr (mVAg/AgCl) Ep (mVAg/AgCl) Ep (mVAg/AgCl) 
CoCrFeNi -25713 55627 81330 

CoCrFeNiAl -32210 29740 61943 
CoCrFeNiCu -18013 -699 11121 
CoCrFeNiSn -2525 109914 135112 

SS304 -24613 19912 44517 
SS316 -2547 26735 52142 

 The CoCrFeNiSn system shows the best corrosion resistance compared to the other 
alloys since it shows the highest pitting potential and the largest passive region. The full values 

for this HEA, Table 2, show it has the highest Ep, indicating good stability of the passive film 
in the pitting-corrosion region of the polarization test. The enhancement of the passive region 
must stem from the Sn addition, which could form a stable passive film at the surface and 
contributes to protecting the sample surface from chloride-ion attack. It can be observed that 
the alloy with the addition of Sn shows the widest passive region as seen in Fig. 3. In addition, 

CoCrFeNiSn shows the highest Ep and Ep when compared with other alloys as seen in Table 
2. This further indicates the formation of a strong oxide film in the CoCrFeNiSn system, which 
is resistant to corrosion attack and oxide-film breakdown.  



 In contrast, the lowest Ep and Ep values are found in the alloy with Cu; this HEA has 
the highest Ecorr, and was observed to have the narrowest passive region of the alloys examined 
here, Fig. 3 and Table 2. The Cu addition has the most negative effect on the corrosion 

properties, as evidenced by showing the lowest Ep and Ep. Furthermore, CoCrFeNiCu and 
CoCrFeNiAl have lower corrosion resistance than the stainless steels, SS304 and SS316.  The 
other two HEA systems, CoCrFeNi and CoCrFeNiSn have higher corrosion resistance than the 
stainless steels, having a large passive region in chloride solution. 

3.3 Post-corrosion alloy microstructure and composition analysis   

 
Fig. 4. BSE images of the surface of HEAs samples after immersion in 0.6M NaCl solution at 

room temperature; a) CoCrFeNi, b) CoCrFeNiAl, c) CoCrFeNiCu, and d) CoCrFeSn. 

HEA samples were examined by SEM after being immersed in the chloride-containing 
solution. As shown in Fig. 4, BSE images reveal the HEA microstructures which have been 
damaged by chloride-ion attack. Localized corrosion of the CoCrFeNi surface is observed in 
Fig. 4a. This may have been initiated by chloride-ion attack in an area having low-Cr content, 
as some variation in composition in this alloy on an atomic scale has been observed in other 
work [35]; however it should be noted that with the sensitivity of the methods applied here no 
in homogeneity in element distribution was seen in CoCrFeNi. This shows that the passive 
films formed are relatively weakly bonded and insufficiently stable for restricting the 
propagation of corrosion in this system [9,27]. Fig. 4b shows the CoCrFeNiAl surface structure, 
exhibiting very large pitting holes, with another material or residue around their outer edge, 
sometimes filling the interior of smaller holes. Detailed examination indicates two types of 



corrosion behaviour, an apparent selective leaching corrosion, leading to pitting corrosion once 
the product of selective leaching is removed. The surface damage after corrosion of the 
CoCrFeNiCu system is displayed in Fig. 4c. This alloy contains a matrix-FCC phase and a Cu-
rich phase, which leads to the galvanic corrosion driven by the different potential of these 
phases [9]. Examination of the CoCrFeNiSn system shows a dendritic structure with a finer 
scale rod-like eutectic formed in the interdendritic regions.  The structure consists of a Ni-Sn 
phase (brighter regions) and a CoCrFeNi-FCC phase (darker regions), Fig. 4d. Corrosion is 
seen to take place more significantly on the FCC phase, likely to stem from the different 
potential values of the two phases in the same manner (though to a lesser extent) as in the 
CoCrFeNiCu system [35,36].  

Table 3  

The results of phase fraction analysis via ImageJ software and the general surface characteristics 
of the HEA surfaces after corrosion testing. 

Alloys Phase composition Phase fraction (%) Surface characteristics 
CoCrFeNi FCC (CoCrFeNi) 100 Low corrosion 

CoCrFeNiAl BCC (CoCrFeNiAl) 100  High corrosion 

CoCrFeNiCu 
FCC (CoCrFeNi) 86.8 (±3.3) Not corroded 

FCC (Cu-rich) 13.2 (±3.3) Corroded  

CoCrFeNiSn 
Hexagonal (Ni-Sn) 63.8 (±4.1) Not corroded 
FCC (CoCrFeNi) 36.2 (±4.1) Corroded 

 
The phase fraction and surface characteristics were analyzed from BSE images of the 

surface of the HEA samples using ImageJ software indicated the phase fraction of the different 
phases and the location of the most apparent corrosion as summarised in Table 3. In both 
CoCrFeNi and CoCrFeNiAl it was not possible to distinguish a second phase (in agreement 
with the earlier results indicating that these are single phase alloy, section 3.1).  On the other 
hand, CoCrFeNiCu and CoCrFeNiSn both showed two distinct phases (also in agreement with 
the earlier results).  In the CoCrFeNiCu alloy, the majority of the structure (more than 85%) 
was a CoCrFeNi- containing phase (FCC-structured from the XRD results), while the 
remainder was a phase heavily dominated by Cu.  In the alloy of CoCrFeNiSn the dominant 
phase (more than 60%) was Ni-Sn (likely to be hexagonal from the XRD results), but there 
was a significant proportion of CoCrFeNi phase present as well. In the latter two alloys, where 
there were two phases present, it was also attempted to determine the scale of the 
microstructure.  For the CoCrFeNiCu alloy, the Cu rich phase occurred at grain boundaries, 
forming interconnected networks that were typically 1-2 たm in thickness, but extended 
throughout the alloy.  The CoCrFeNiSn appeared to show the CoCrFeNi phase on several 
scales, firstly in possibly dendritic structures of around 5-10 たm in diameter, and a finer 
eutectic-like structure at a submicron scale.  

The images were also used to identify the extent of corrosion, and, for the two phase 
samples, whether this was more associated with a particular phase.  It was found that CoCrFeNi 
has a lower corroded area than CoCrFeNiAl, even though both display a single phase. In the 
CoCrFeNiCu and CoCrFeNiSn systems, two phases are present. The Cu phase in CoCrFeNiCu 



is the main phase corroded by chloride attack, while the CoCrFeNi has little apparent damage 
in this alloy. By contrast, the CoCrFeNi phase shows more extensive corrosion in CoCrFeNiSn, 
while the Ni-Sn phase does not appear to have been affected. This indicates that the Ni-Sn 
phase in the CoCrFeNiSn system probably has the best corrosion resistance of all the separate 
phases under these conditions of the materials investigated here. These observations 
correspond with the corrosion properties of HEAs in Table 2 and the corroded SEM images of 
HEAs in Fig. 4. 

 
Fig. 5. EDS mapping images of the surface of HEAs samples after immersion in 0.6M NaCl 

solution at room temperature; a) CoCrFeNi, b) CoCrFeNiAl, c) CoCrFeNiCu, and d) CoCrFeNiSn. 

 The distribution of elements in the SEM images taken post corrosion testing was 
determined by EDS mapping, as shown in Fig. 5. The chemical distributions confirm the phase 
composition as assessed above and from XRD. It can be seen that there is (as measured by this 
technique) a homogeneous distribution of the constituent elements in the CoCrFeNi system Fig. 
5a, which will be the single FCC phase. The CoCrFeNiAl system also shows a generally 
homogenous distribution (the defect in the center of the image is a corrosion pit), Fig. 5b, with 
some slight structure visible in the distribution of Cr, Ni and Al indicating separation between the 
former and latter of these elements. This structure will be the single BCC phase identified from 
XRD. The addition of Cu or Sn to the main HEA system leads to a non-uniform elemental 
distribution and the formation of two phases. CoCrFeNiCu, Fig. 5c, shows strong segregation of 
Cu way from the other elements, which are well-mixed. The Cu forms at the grain boundary 
regions, and correlates with the observed corrosion damage. In CoCrFeNiSn, the bright region on 



the BSE image in Fig. 4d is associated with Ni and Sn, likely to be a hexagonal NixSn intermetallic 
phase, in Fig. 5d while the other region can be confirmed as CoCrFeNi (the FCC phase).  

 
Fig. 6. Cross-sectional SEM images of FIB cross sections through features observed on the 

surface of HEA samples immersed in 0.6M NaCl solution at room temperature; a-b) 
CoCrFeNiAl, c-d) CoCrFeNiCu, and e-f) CoCrFeNiSn. 

To explore the corrosion processes further, cross sections around particular features 
seen after corrosion in some of the samples were made with FIB and were imaged in the SEM, 
Fig. 6. CoCrFeNiAl, Fig. 6a and 6b, has two structures; one apparently porous which exists 
within other, larger cavities in the overall dense, unaffected structure; these larger cavities are 
also, sometimes vacant. The former of these is the first to be created in the corrosion process, 
and is likely to be the by-product of the selective leaching of two elements, Al and Ni (as shown 
by EDS maps, Fig. 7). The remaining Fe, Co and Cr take up less volume and reorganize into a 
porous structure during a dealloying process, as confirmed in Fig. 7. 



 
Fig. 7. EDS mapping images of cross-sectional CoCrFeNiAl immersed in 0.6M NaCl solution 

at room temperature.  

 Cross sectional SEM images of particular features identified on the surface of 
CoCrFeNiAl, CoCrFeNiCu, and CoCrFeNiSn were taken, and are shown in Fig. 6.  The intent 
of these images was to explore if these features were associated with the underlying 
microstructure of each of these alloys (it should be noted that the resolution of the analysis used 
is not sufficient to offer information on the microstructure within the oxide films formed). The 
cross-sectional image of corrosion features seen on the surface of CoCrFeNi shows the 
interconnected distribution of the Cu phase, which is corroded to a large extent in comparison to 
the FCC phase in Fig. 6c and 6d, supporting the interpretation of this corrosion being galvanic 
origin. The cross sectional image of CoCrFeNiSn, Fig. 6e and 6f, shows attack of the CoCrFeNi 
phase in preference to the Ni-Sn phase. This is particularly high at the interface, as shown in Fig. 
6f. It is again likely to be due to galvanic corrosion between FCC CoCrFeNi and the Ni-Sn phase. 

3.4 Post-corrosion surface analysis 

 The oxide films formed on the HEA surfaces after the electrochemical experiment were 
analyzed by the XPS technique. This technique can determine chemical composition in the 
uppermost 5-10 nm of the sample surface and is, therefore, suitable for studying the passive 
film [33].  It should be noted that the method cannot, of course, elucidate the sub-nanometer 
structure of the oxide films produced, and a full analysis of this structure to assess the formation 
mechanisms and behavior during corrosion would require Transmission Electron Microscope 
observation, which is not performed here. The XPS survey spectra and high resolution XPS 
spectra in the binding energies range of 40-70 eV of HEA samples are shown in Fig. 8. The 
spectra reveal the presence of Co, Cr, Fe, Ni, O and C on all HEA sample surfaces. Additional 
peaks attributed to the presence of Al, Cu and Sn are observed on the CoCrFeNiAl, 
CoCrFeNiCu, and CoCrFeNiSn sample surfaces, respectively. The detection of C is possibly 
due to adventitious carbon contaminations. The presence of O suggests that an oxide film is 
formed on the sample surface, some metals being oxidized. 



 

 
Fig. 8. a) XPS survey spectra and b) high resolution XPS spectra in the binding energies range 

of 40-70 eV of HEA samples after corrosion testing. 

 The relative atomic concentration of each element can be calculated by Eq. (1) and (2) [3,33]. 隙沈 噺 などど 凋日デ 凋日韮日転迭            (1) 

where i refers to each element, n is the amount of elements, Xi is the atomic percent of each 
element, and Ai is the adjusted elemental intensities, which are obtained from 畦沈 噺  徴日聴日 懲           (2) 

where Ji is the measured intensity of each elemental composition, K is the kinetic energy, and 
Si is the relative sensitivity which is determined from the XPS measurement.  

 



Table 4 

The chemical composition on the HEA sample surfaces after corrosion testing. 

HEA systems 
Relative atomic concentration (at.%) 

Co Cr Fe Ni Al  Cu Sn 
CoCrFeNi 14.32 40.33 30.22 15.13 - -  
CoCrFeNiAl 12.47 28.50 15.38 17.43 26.23 - - 
CoCrFeNiCu 14.09 29.50 16.79 18.82 - 20.80 - 
CoCrFeNiSn 6.19 35.54 13.53 9.42 - - 35.32 

 
The calculated relative atomic concentrations of the HEA surface via XPS analysis are 

presented in Table 4. It is found that Cr is present at the surface in the highest proportion in all 
HEA systems; CoCrFeNi (40.33 at.%), CoCrFeNiSn (35.54 at.%), CoCrFeNiCu (29.50 at.%), 
and CoCrFeNiAl (28.50 at.%), while the proportion of the added alloying elements to the base 
CoCrFeNi are as follows; Sn/CoCrFeNiSn (35.32 at.%), Al/CoCrFeNiAl (26.23 at.%), and 
Cu/CoCrFeNiCu (20.80 at.%). In particular, it would be expected that Cr, and possibly the 
alloying elements, lead to the potential for forming an oxide layer on the sample surface and 
may participate in such a layer. Thus, they are the vital factor directly relating to the 
improvement in corrosion properties of HEA samples, and XPS can be further used to examine 
and compare the oxidation state of these elements at the surface.  From this, with the 
assumption that these are bonding with oxygen, it can be inferred which elements are present 
in any oxide film that is formed.  In the discussion that follows, to be concise we refer to the 
elements in their metallic state (e.g. Cr) and in the oxide corresponding to the oxidation state 
measured (e.g. Cr2O3); it must be noted however that the actual films formed are likely to 
mixtures of oxides of different elements.  Detailed analysis of this by Transmission Electron 
Microscopy will take place in future work. 

Fig. 9 shows the high resolution XPS spectra in the Cr 2p, Al 2p, Cu 2p3/2, and Sn 3d 
peak regions of HEA samples. The Cr 2p spectra of all the HEA samples exhibit two main spin-
orbit peaks, Cr 2p3/2 and Cr 2p1/2, separated by approximately 9.6 eV. The Cr 2p3/2 peaks can 
be deconvoluted into two components at the binding energies of 574.12 eV and 576.60 eV-
576.90 eV which are attributed to Cr and Cr3+ (Cr2O3), respectively. This indicates that Cr2O3 
is formed to a large extent on all the HEA samples. The Al 2p peak of the CoCrFeNiAl sample 
can be fitted into two peaks at the binding energies of 72.39 eV and 74.58 eV corresponding to 
Al and Al3+ (Al2O3), respectively. The high Al2O3 content of 74.50 at.% is observed. The Cu 
2p3/2 peak of CoCrFeNiCu sample exhibits two main peaks of Cu and Cu1+ (Cu2O) at the 
binding energies of 932.68 eV and 933.70 eV, respectively, showing the low content of Cu2O 
(18.26 at.%). The Sn 3d5/2 peak of CoCrFeNiSn can be fitted into two peaks at the binding 
energies of 484.80 eV and 486.39 eV which are attributed to Sn and Sn4+ (SnO2), respectively. 
This suggests that SnO2 is formed with high content of 86.47 at.%. The atomic proportions of 
metal oxides and metals are summarized again in Table 5. 

 



 
Fig. 9. High resolution XPS spectra in the; a,b,d,f) Cr 2p, c) Al 2p, e) Cu 2p3/2, and g) Sn 3d peak 

regions of HEA samples after corrosion testing. 



Table 5  

The relative atomic proportion of metal oxides and metals (referred to atomic percentage of the 
total content of the element at the surface) on the HEA sample surfaces after corrosion testing. 

HEA systems 
Cr (Cr at.%)  Al  (Al at.%) Cu (Cu at.%) Sn (Sn at.%) 
Cr3+ Cr Al3+ Al  Cu1+ Cu Sn4+ Sn 

CoCrFeNi 99.85 0.15 - - - - - - 
CoCrFeNiAl 60.85 39.15 74.50 25.50 - - - - 
CoCrFeNiCu 83.62 16.38 - - 18.26 81.74 - - 
CoCrFeNiSn 100.00 0.00 - - - - 86.47 13.53 

 
 It can be seen from the results that the addition of Al and Cu have the effect of reducing 
the formation of Cr2O3 (more of the Cr is in the metallic state), while the oxide films which are 
generated by these alloying elements, Al2O3 and Cu2O, are at moderate to low intensity Al2O3 
(74.50 at.%) and Cu2O (18.26 at.%). These oxide films are weakly bonded and unstable under 
the tested conditions, and thus lead to the poorer corrosion resistance observed in these alloys, 
being present at a lower proportion after corrosion testing [9,33].  Al2O3 is relatively weak at 
preventing chloride-ion attack, owing to chloride-ion adsorption through the oxide film [38], 
while Cu2O is formed at low thickness; approximately 5 nm [39]. By contrast to these alloys, 
the addition of Sn results in an increase in proportion of conversion of metallic form to oxide 
for both Cr2O3 (100 Cr at.%) and SnO2 (86.47 Sn at.%). This system can therefore form a 
significant passive film, which is stronger bonding than the other oxides formed on these alloys. 
XPS analysis confirms that there is the largest proportion of the passive film remaining after 
corrosion in the CoCrFeNiSn. The Cr2O3 is known to be a stable, corrosion-resistant oxide, and 
there is evidence to suggest that SnO2 is also a stable film with high potential for protecting 
against chloride-ion attack [40,41].    

4. Discussion 
 
 Following the evidence presented and discussed above, it is possible to propose a series 
of mechanisms for the corrosion in chloride solution of the HEAs examined in this work. In 
the CoCrFeNiAl system, it is found that pitting corrosion occurs, with a suggested mechanism 
for this, consistent with the observations here and what is known about the alloy shown in Fig. 
10a-10c. The passive films, Cr2O3 and Al2O3, will be formed when the sample surface is in 
contact with atmospheric oxygen, as shown in Fig. 10a. Subsequently, during the corrosion 
process in Fig. 10b, there are three stages to the evolution of pitting; the first is the selective 
dissolution of Al and Ni from an area happening to be (Al-Ni)-rich (some tendency for this was 
seen in Fig. 5b). There areas form as the atomic pair of Al-Ni have the strongest enthalpy of 
formation in this system [32,42]. Corrosion proceeds by dealloying as Al has the lowest 
standard electrode potential and the Al2O3 is weak. The second, propagation step is the 
increasing damage in the region of the pits from small to large corrosion holes [28,33]. The 
final stage is when the CoCrFe residue from dealloying is removed from the hole, leaving 
behind the large corrosion pits seen. As indicated in Fig. 10c, repassivation of the oxide films 
may occur on the pitting holes after chloride-ion attack. 

 



 

 
Fig. 10. A schematic diagram of the proposed processes occurring during the corrosion of 

some of the HEA samples examined in this work when tested in 0.6M NaCl solution at room 
temperature; a-c) CoCrFeNiAl, d-f) CoCrFeNiCu, and g-i) CoCrFeNiSn. 

For the CoCrFeNiCu system, two oxide films are formed, Cr2O3 and Cu2O, Fig. 10d. 
Cr2O3 is known to be a strong film, resistant to chloride attack, while Cu2O is a weak film 
which easily breaks down in the presence of chloride ions. Fig. 10e shows the chloride ions 
attacking the Cu-rich areas, leading to the removal of Cu1+ from the main Cu phase. Galvanic 
corrosion of the segregated Cu phase occurs, stemming from its differing potential from the 
main FCC phase, which forms the cathode, with the Cu-rich phase acting as the anode [9]. The 



Cu-rich phase is heavily corroded compared to the FCC phase. After corrosion, oxide layers 
may be regenerated on the sample surface, especially in the areas with Cr, Fig. 10f.   

The corrosion behavior of CoCrFeNiSn is depicted in Fig. 10g-10i. The bulk 
microstructure of this alloy is composed of two phases, a Ni-Sn intermetallic and CoCrFeNi, 
which form two passive films, SnO2 and Cr2O3 respectively. Both of these are a noble oxide 
films and will inhibit corrosion in chloride solution, as presented in Fig. 10g. Galvanic 
corrosion is observed on the FCC phase (indicating the Ni-Sn phase has a higher corrosion 
potential than the CoCrFeNi phase), particularly at the interface where the damage is relatively 
high, and as a result there is dissolution of some ions, Co3+, Cr3+, Fe2+, and Ni2+, as shown in 
Fig. 10h. Then the two passive films can regenerate, as shown in Fig. 10i. 

In general, it should be noted that the mechanisms proposed for corrosion depicted in 
Fig. 10 are all based on the assumption that the oxide films have a simple structure of good 
uniformity; local variations and defects (which have not been explored here) could contribute 
to additional behaviors. 

 To sum up, the addition of Sn has a positive effect on the rise in corrosion resistance of 
equiatomic CoCrFeNi in a medium chloride-containing solution, while Al and Cu as alloying 
elements lead to the decline in corrosion properties under the same conditions.    

5. Conclusions 

 CoCrFeNiSn has the largest passive region under the chloride attack conditions used, 
compared with the other alloys tested here, CoCrFeNi, CoCrFeNiAl, CoCrFeNiCu and stainless 
steel 316 and 304.  This arises as the result of two conditions; the extensive formation of stable 
Cr2O3 and SnO2 films on the sample surface, while the other novel alloys tested here show 
unstable passive films, and the particular phase formation in this system (particularly the 
occurrence of a Ni-Sn phase). Although the structure and composition of the oxides formed 
locally on the different phases could benefit from TEM study, to be performed in future work, 
the indications of this investigation are that the CoCrFeNiSn alloy may be a candidate for 
applications where structural materials capable of surviving marine or other chloride rich 
environments are needed. 
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