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Abstract

The corrosion properties in NaCl solution of four equiatoREAs of the CoCrFeNi
system adding Al, Cu and Sn are investigated. These alleysrocessed by vacuum arc melting
and assessed via the Potentiostat method. The propertiescarapared with two standard
stainless steels. The results indicate that CoCrFeNiSsegess the begtissivationin this
solution, explained by the alloy phases and presetice atirface of elementsoxidation states
corresponding to stable oxide films. The other systemm shrange of behaviours attributable
to their different microstructures and varying potential for staklde formation.

1. Introduction

Marine applications for structural alloys usually meangh lghloride environment
which can lead to pitting corrosion, the localized fororatf small holes at the surface. This
cancause structural damage, and can contribute to mechaailoat f all the more serious as
its initiation and propagation cannot be observed by rlowsaal inspection1-4]. Such
corrosion can have a serious impact in terms of tskhuman life, economy and the
environment, and it is fortunate that there are a widgerahoptions for preventing corrosion;
for example, the use of coatings [1,5], inhibitor pratec{l1,6], cathodic protection [1,7] and
the introduction of alloying elements to generate a statilgenoxide [1,8,9]. Stainless steels



are weltaccepted alloys for use in corrosive conditions duedip tiigh Cr content (12-18%),
which generates a surface oxide film and leads to reduced ioor@sack on the surface
[1,10,11]. Recently however, there has been the disg@ferew alloys which have chemical
compositions of similar nature to stainless steels, whave tbetter corrosion (or other)
properties than conventional alloys.

This new type of alloy is called High Entropy Alloys (HEAa)so known as Complex
Concentrated Alloys (CCAsPriginally, HEAs were taken to be alloys with single phase
structure, though the breadth of research now encompsesaal terms, and also alloys which
are not equiatomic in composition, and which can be ninasp in structure [12,13]. In current
usage, HEAs are multicomponent alloys with generally feld solution phases of simple
structure (such as body-centered cubic (BCC), face-@hterbic (FCC), or hexagonal close
packed (HCP)) [14-7]. HEAs have been reported to have unusual properties of typey
(including corrosion, mechanical, thermal and eleatnproperties, and wear properties [15-
23]), and these behaviours suggest the potential for usaermerous applications, including
nuclear, aerospace, energy, chemical, electronics, anderinfrastructure [15,17,24,25]. In
particular, several HEA systems have been reported to shpmved corrosion properties.
An example is CoCrFeNi whichas a wide passive region and low corrosion current density
in 0.6M chloride solution as a result of a single soliditsmn phase and high Cr-oxide film
[9,17]. CousCrFeNi sTiosM0o.1 has a high pitting potential and low corrosion current iens
in 1M chloride solution owing to Mo-oxide on the sample stefi@26]. FeCoCrAINiTi has low
corrosion current density in 3.5% chloride solution a®@sequence of the increased oxide
film formation due to the Ti addition [15]. Because of thiee CoCrFeNi system has attracted
the most interest for the improvement in corrosiesistance in different solutions with the
addition of other metallic elements, such as Al, Cu, Ma Ti [9,17,24,25,27]. However, a
systematic comparison of different HEAs of these syjsecurrently lacking. In particular, as
pointed out in Ref. [28], as well as comparison acrossreéffit alloys with the same conditions
being lacking, there is also a need for advanced chaeatten of surface films to properly
interpret the behaviours seen.

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



2. Materials and experiments
2.1 Materials

Raw materials consisted of seven elements; Co,&rCE (Alfa Aesar, UK), Ni, Sn
(Advent Research Materials, UK), and Al (Goodfellow, UK)98.95% purity or better.
Specimens were made at equiatomic ratios of four alloysCrEeNi, CoCrFeNiAl,
CoCrFeNiCu, and CoCrFeNiS@oCrFeNi was the base composition with either no addition
or the inclusion of Al, Cu, or Sn, as shown in Tablénladdition, samples of the conventional
alloys stainless steel grade 304 and 316 (SS304 and SS316) wergsguobg the same
techniques from pre-alloyed material for comparison.

Tablel
The nominal and actual chemical compositions of the HE&ism#ns, the latter determined
from EDS analysis

Chemical composition (at.%)

HEA systems | Co Cr Fe Ni Al Cu Sn
CoCrFeNi NA(\)CTL;Z.?I 25327 25?.?3 25?.?5 25.24 : : :
CoCrreNiAl N:chgg?l 2067 2084 2046 1993 1839 . -
CoCrFeNiCu NAoch;r;?l 192.84 25.%5 192.%7 192.%0 : 13.075 :
CoCrFeNiSn Acwal 2071 1873 2081 1982 . Ry

The four HEA systems were created by the vacuum aringetiethod (MAM1 arc
melter, Buehler), re-melted five times [29,30], and @atst a cylindrical copper mold of 0.6
cm diameter. Subsequently, specimens were cut as cyliadéggsnm in diametex 10 mm
height and the sample surface was ground and polished frmmraimber of grit paper down
to 1 micron diamond suspension.

2.2 Experiments

2.2.1 Electrochemical set-up for corrosion study

Exposed area
Glass p
tube Ii Ii
Cutting Cold mounting : :
-———t+ 1
= T
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Disc-shaped N T LZ
| specimen Electrode wire \ /
Cylindrical ingot Specimen

Fig. 1. The process of corrosion specimen preparation and tHesfiseimens used.



The corrosion behaviour was studied by electrochemioalysis (PGSTAT302N
Autolab, Metrohm Autolab). Corrosion specimens weretetatly connected by a copper wire
inserted in a glass tube and later mounted by epoxyinesubic silicone molds [31] as shown
in Fig. 1. The exposed area of the sample to the solw#s0.28 cni in each case. Three
electrode cells were used for the corrosion investigafidve working, counter and reference
electrodes were the prepared specimen, a platinum elecaratl&g/AgCl reference electrode,
respectively. The electrolyte used in this study was 0.6l Nalution [32] with a pH range
from 7.65 to 7.99 at room temperature, in which each tymdlamf was tested at least three
times [33]. The scan rate used for the linear polarization wasVvis [32] The corrosion
parameters, corrosion potentiak{g, pitting potential (E), and passivation potentiahy),
were analyzed after data collection by Nova 1.11.2 software.

2.2.2 Chemical and microstructural characterization

Contamination on the specimen surface after comosiperimentation was avoided
by cleaning with deionized water and isopropanol in an oltiaath for 10 min before testing
by other techniques. The phase composition of the sanyads analyzed by X-ray diffraction
(XRD; D2 Phaser, Bruker) ove9Z2angles in the range 20-100 degrees at a scan rate of 2
deg/min [27,34]. The microstructure was observed with Scgrii|ctron Microscopy (SEM,;
Inspect F50, FEI) in backscattered electron (BSE) modeBviergy Dispersive Spectroscopy
(EDS) for elemental detection on the specimen surfalse.ahalysis of phase fraction on the
sample surfaces was performed on a series of BSE imég@imenl from different locations
for each alloy, and was carried out by using ImageJ sadtwih analysis areas of 100 um
86 um. In addition, the passive film on the sample sesfawas analyzed by X-ray
Photoelectron Spectroscopy (XPS; PHI5000 Versa Probe ligiBitH). The analysis area was
set bya X-ray beam size of 100m diameter. Before the analysis, the sample surface was
cleaned by Ar sputtering controlled rimt exceed 10 nm in depth. Finally, cross-sections
through particular surface features of interest in the Hfafples were obtained through
Focused lon Beam milling (FIB; Helios NanoLab G3 UC, Faiter the sputtering a gold
coating of 10 nm thickness (Q150T ES, Quorum). Cross seatiers imaged by SEM to
explore the relationship of these features to the siiamoture of the alloy.

3. Results
3.1 As cast alloys

As shown in Fig. 2, the analysis of the XRD results indsdhat the CoCrFeNi alloy
consists of a single solid solution FCC phase, withexsected, peaks consistent with
Cro.25-e.25C00.28Nio.25 (ICDD card number: 04-018-7506). The addition of a fifth alloying
element either leads to the evolution of a second phesting in a two phase structure, or to
the formation of a new single phase. Of the first tyipe Al addition transforms the phase from
an FCC to BCCform (ICDD card number: 04-018-504%ith CoCrFeNIAl forming the
ordered B2 phase with BCC structurer the second type of effect, Cu and Sn additions lead
to the formation of a two phase structure; CoCrFeNiGuwvshsegregation of elemental Cu
(ICDD card number: 04-009-2090) from the major FCC phase presedoCrFeNi, and



CoCrFeNiSn retains the FCC structure of CoCrFeNi amddotces a hexagonal structure with
similar peaks to Nis.1.65n (ICDD card number: 04-017-6375 and 04-016-8768).
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Fig. 2. The XRD patterns of the four HEA samples examined, ingkeaat form.

This phase evolution of the HEA systems studied isaom@ with previous literature
[33-37]. It has been suggested that the phase transionnedtCoCrFeNiAl alloys stems from
the different atomic size between the elements o€th@rFeNi system and Al, which is larger
[33,34], though more comprehensive descriptions or alloyddwse the relative energies of
the electronic structure of different systems as anséa discriminate between different
structures. Meanwhile, the addition of Sn as an alloylaghent leads to the formation of two
phases, which is likely to be caused by the mixing enth&lpfferent atomic pairsAHmix <ij>)
in the system. ThaHmix<j> Of theNi-Sn couple has the most negative value, including strong
bonding between these being preferred, and leading timmtimation ofNi-Sn phase. Other
possible couples (Co, Cr, Fe and Ni) with Sn have a pe2itimix<j>- value, indicating that
these elements will not readily interact with the[8B,36]. By similar reasoning, the influence
of Cu on the increase in positive mixing enthalpy of €&a&Bli 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 NsdBition at room
temperature is analyzed by linear polarization plots. Fishows thelot of current density (i;
A/cm?) against potential (E; V vs. Ag/AgCl). Some of the HEA syt show good corrosion
properties when compared with the conventional stairgessdsas seen in Fig. 3. From these
curves, the corrosion parameters such as corrosiont@btcor), pitting potential (g) and
passivation potentia\NE, = Ex-Ecorr) can be extracted, as given in Table 2. BotlakdAE,
are measured to indicate the extent of the passivenregider medium chloride conditions.



These parameters hdip reveal the corrosion-resisting capability of tkk@le films during the
electrochemical operation.
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Fig. 3. Linear polarization curves of HEA and stainless staap#as immersed in 0.6M
NaCl solution at room temperature.

Table2

The corrosion properties of HEA and stainless steel sammiesrsed in 0.6M NacCl solution at
room temperature.

A”OyS Ecorr (mVAg/AgCI) Ep (mVAg/AgCI) AEp (mVAg/AgCI)
CoCrFeNi -25H#13 55627 813t30
CoCrFeNiAl -322£10 297440 619t43
CoCrFeNiCu -180t13 -69+9 111421
CoCrFeNiSn -252t5 109914 135112
SS304 -246t13 199t12 445+17
SS316 -254:7 267435 521442

The CoCrFeNiSn system shows the best corrosieistancecompared to the other
alloys since it shows the highest pitting potential and the &ngassive regio he full values
for this HEA, Table 2, show has the highesiE,, indicating good stability of the passive film
in the pitting-corrosion region of the polarizatiosttdhe enhancement of the passive region
must stem from the Sn addition, which could form a stpblsive fiimat the surfacend
contributes to protecting the sample surface from aldeion attack. It can be observed that
the alloy with the addition of Sn shows the widest passgeoonas seen in Fig. 3n addition,
CoCrFeNiSn showthe highest FandAE, when compared with other allogs seen iTable
2. This further indicates the formation of a stronglexXilm in the CoCrFeNiSn systemwhich
iS resistanto corrosion attack and oxide-film breakdown.



In contrast, the lowestpEaNdAE, values are found in the alloy with Cinis HEA has
the highest &, and was observed to have the narrowest passive rdgiomalloys examined
here, Fig. 3 and Table Zhe Cu addition has the most negative effect on theosion
properties,as evidenced by showirthe lowest E and AE,. Furthermore CoCrFeNiCu and
CoCrFeNiAl have lower corrosion resistance than tamless steels, SS304 and SS316. The
other two HEA systems, CoCrFeNi and CoCrFeNiSn have higireosion resistance than the
stainless steels, having a large passive region imidélsolution

3.3 Post-corrosion alloyicrostructure and composition analysis

Selective leaching
corrosion
Localized
corrosion

Pitting
corrosion

20 ym

Galvanic

\. corrosion

Y =T
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P -

. 203n . FESORR ST BURO P
Fig. 4. BSE images of the surface of HEAs samples after imomeisi0.6M NaCl solution at
room temperature; a) CoCrFeNi, b) CoCrFeNiAl, c) CoGliEeal, and d) CoCrFeSn.

HEA samples were examined by SEM after being immerséteichloride-containing
solution. As shown in Fig. 4, BSE images reveal the HE#astructures which have been
damaged by chloride-ion attack. Localized corrosion ef@bCrFeNi surface is observed in
Fig. 4a. This may have been initiated by chloride-itiack in an area having low-Cr content,
as some variation in composition in this alloy onadmmic scale has been observed in other
work [35]; however it should be noted that with the sensgtiof the methods applied here no
in homogeneity in element distribution was seen in Eeli. This shows that the passive
fims formed are relatively weakly bonded and insufficientitable for restricting the
propagation of corrosion in this system [9,27]. Fig. 4mshilve CoCrFeNiAl surface structure,
exhibiting very large pitting holes, with another mateolaresidue around their outer edge,
sometimes filling the interior of smaller holes. Dietdiexamination indicates two types of



corrosion behaviouran apparent selective leaching corrosion, leading togitbrrosion once
the product of selective leaching is removed. The suréseage after corrosion of the
CoCrFeNiCu system is displayed in Fig. 4c. This alloy amsta matrix-FCC phase and a Cu-
rich phase, which leads to the galvanic corrosion driwerihe different potential of these
phases [9]. Examination of the CoCrFeNiSn system slaodsndritic structure with a finer
scale rod-like eutectic formed in the interdendritic dagi The structure consists of a Ni-Sn
phase (brighter regions) and a CoCrFeNi-FCC phase (da@iens), Fig. 4d. Corrosion is
seen to take place more significantly on the FCC pHisdy to stem from the different
potential values of the two phases in the same manheugh to a lesser extent) as in the
CoCrFeNiCu system [35,36].

Table3

The results of phase fraction analysis via ImageJ sadtevad the generalirface characteristics
of the HEA surfaces after corrosion testing.

Alloys Phase composition Phase fraction (%) Surface characteristic
CoCrFeNi FCC (CoCrFeNi) 100 Low corrosion
CoCrFeNiAl BCC (CoCrFeNiAl) 100 High corrosion
. FCC (CoCrFeNi) 86.8 (+£3.3) Not corroded
CoCrreNiCu FCC (Cu-rich) 13.2 (#3.3) Corroded
. Hexagonal (Ni-Sn) 63.8 (¥4.1) Not corroded
CoCreNiSn FCC (CoCrFeNi) 36.2 (#4.1) Corroded

The phase fraction and surface characteristics wetgzadafrom BSE images of the
surface of the HEA samples using ImageJ software indichteghiase fraction of the different
phases and the location of the most apparent corrasisummarised in Table 3. In both
CoCrFeNi and CoCrFeNiAl it was not possible to distinguaskecond phase (in agreement
with the earlier results indicating that these are sipgilase alloy, section 3.1). On the other
hand, CoCrFeNiCu and CoCrFeNiSn both showed two distinceplfatso in agreement with
the earlier results). In the CoCrFeNiCu alloy, thgomiiy of the structure (more than 85%
was a CoCrFeNi- containing phase (FCC-structured fromXR® results), while the
remainder was a phase heavily dominated by Cu. In it @l CoCrFeNiSn the dominant
phase (more than 60%) was Ni-Sn (likely to be hexagooat the XRD results), but there
was a significant proportion of CoCrFeNi phase present dslwéhe latter two alloys, where
there were two phases present, it was also attempted ¢éomitet the scale of the
microstructure. For the CoCrFeNiCu alloy, the Cu richgghoccurred at grain boundaries,
forming interconnected networks that were typicall)2 lum in thickness, but extended
throughout the alloy. The CoCrFeNiSn appeared to shovCtierFeNi phase on several
scales, firstly in possibly dendritic structures of a@l0 um in diameter, and a finer
eutectic-like structure at a submicron scale.

The images were also used to identify the extent obsam, and, for the two phase
samples, whether this was more associated with a partghdse. It was found that CoCrFeNi
has a lower corroded area than CoCrFeNiAl, even thoutthdisplay a single phase. In the
CoCrFeNiCu and CoCrFeNiSn systems, two phases are présertu phase in CoCrFeNiCu



is the main phase corroded by chloride attack, whileCtitérFeNi has littleapparent damage

in this alloy. By contrast, the CoCrFeNi phase showserextensive corrosionin CoCrFeNiSn,
while the Ni-Sn phase does not appear to have beenedffethisindicatesthat the Ni-Sn
phase in the CoCrFeNiSn syst@mobably has the best corrosion resistance of elséparate
phases under these conditiond the materials investigated here. These observations
correspond with the corrosion properties of HEAs in T&@dad the corroded SEM images of
HEAs in Fig. 4.
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Fig. 5. EDS mapping images of the surface of HEAs samplesmﬂmrsmn in 0.6M NacCl
solution at room temperature; a) CoCrFeNi, b) CoCrFeN)ATaCrFeNiCu, and d) CoCrFeNiSn.

|d) CoCrFeNiSn| |c¢) CoCrFeNiCu| [b) CoCrFeNiAl| [a) CoCrFeNi |

The distribution of elements in the SEM images takert pogosion testing was
determined by EDS mapping, as shown in Fig. 5. Teenwal distributions confirm the phase
composition as assessed above and from XRD. It can behsgedhere is (as measured by this
technique) a homogeneous distribution of the constituent efenmethe CoCrFeNi system Fig.
5a, which will be the single FCC phase. The CoCrFeNiydtemalso shows a generally
homogenous distribution (the defect in the center of the insagecorrosion pit), Fig. 5b, with
some slight structure visible in the distribution of CraNd Al indicating separation between the
former and latter of these elements. This structure willhe single BCC phase identified from
XRD. The addition of Cu or Sn to the main HEA system lgada non-uniform elemental
distribution and the formation of two phases. CoCrFeNiCy, %8, shows strong segregation of
Cu way from the other elements, which are well-mixede T forms at the grain boundary
regions, and correlates with the observed corrosion datmgGeCrFeNiSn, the bright region on



the BSE image ifrig. 4d is associated with Ni and Sn, likely to be aberal NiSn intermetallic
phase, in Fig. 5d while the other region can be cortfira®eCoCrFeNi (the FCC phase).
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Fig. 6. Cross-sectiongdEM images of FIB cross sections through features obsenvéiae
surface of HEA samples immersed in 0.6M NaCl solution at teonperature; a-b)
CoCrFeNiAl, c-d) CoCrFeNiCu, and e-f) CoCrFeNiSn.

To explore the corrosion processes further, crossosecaround particular features
seen after corrosion in some of the samples were miglalé-IB and were imaged in the SEM,
Fig. 6. CoCrFeNiAl, Fig. 6a and 6b, has two structures; pparantly porous which exists
within other, larger cavities in the overall dense figeted structure; these larger cavities are
also, sometimes vacant. The former of these idirfteto be created in the corrosion process,
and is likely to be the by-product of the selective aag of two elements, Al and Ni (as shown
by EDS maps, Fig. 7). The remaining Fe, Co and Cr take updésse and reorganize into a
porous structure during a dealloying process, as confirmey.iry.
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Cross sectional SEM images of particular features ifd®hton the surface of
CoCrFeNiAl, CoCrFeNiCu, and CoCrFeNiSn were taken, andl@en in Fig. 6. The intent
of these images was to explore if these features weseciated with the underlying
microstructure of each of these alloys (it should bechttat the resolution of the analysis used
is not sufficient to offer information on the mictagcture within the oxide films formed). The
cross-sectional image of corrosion features seen orsulface of CoCrFeNi shows the
interconnected distribution of the Cu phase, which iisocied to a large extent in comparison to
the FCC phase in Fig. 6¢c and 6d, supporting the interpretdtibis corrosion being galvanic
origin. The cross sectional image of CoCrFeNiSn, Fegard 6f, shows attack of the CoCrFeNi
phase in preference to the Ni-Sn phase. This is partichigh at the interface, as shown in Fig.
6f. Itis again likely to be due to galvanic corrosioman FCC CoCrFeNiand the Ni-Sn phase.

3.4 Post-corrosion surface analysis

The oxide films formed on the HEA surfaces afteraleetrochemical experiment were
analyzed by th&XPS technique. This technique can determine chemical cdimopom the
uppermost 5-10 nm of the sample surface and is, thersiaitable for studying the passive
film [33]. It should be noted that the method cannot, of courgeidate the sub-nanometer
structure of the oxide films produced, and a full analysthisfstructure to assess the formation
mechanisms and behavior during corrosion would require Tissism Electron Microscope
observation, which is not performed here. The XPS suspegtra and high resolution XPS
spectra in the binding energies range of 4@&Vomf HEA samples are shown in Fig. 8. The
spectra reveal the presence of Co, Cr, Fe, Ni, O amidll 6lEA sample surfaces. Additional
peaks attributed to the presence of Al, Cu and Sn arerveblsen the CoCrFeNiAl,
CoCrFeNiCu, and CoCrFeNiSn sample surfaces, respectiMaydetection of C is possibly
due to adventitious carbon contaminations. The presein@esuggests that an oxide film is
formed on the sample surface, some metals h@adjzed.
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Fig. 8. @) XPS survey spectra and b) high resolution XPS specthe ihinding energies range
of 40-70 eV of HEA samples after corrosion testing.

The relative atomic concentration of each element caridudatad by Eq(1)and(2) [3,33.

X; = 100=2 (1)

Z?=1Ai

where i refers to each element, n is the amount afegles, Xis the atomic percent of each
element, and As the adjusted elemental intensities, which are dxdairom

A= 2L @)

where Jis the measured intensity of each elemental composiK is the kinetic energy, and
S is the relative sensitivity which is determined frdm XPS measurement.



Table4

The chemical composition on the HEA sample surfaces adirrosion testing.

Relative atomic concentration (at.%)

HEA systems——¢7 Cr Fe Ni Al Cu Sn
CoCrFeNi 1432 4033 3022 1513 § i

CoCrFeNiAl  12.47 2850 1538  17.43  26.23 i i
CoCrFeNiCu  14.09 2950 1679  18.82 i 20.80 i
CoCrEeNiSn  6.19 3554 1353 9.42 i i 35.32

The calculated relative atomic concentrations oHE# surface via XPS analysis are
preseneédin Table 4. Itis found that Cr is present at theasigfin the highest proportion in all
HEA systems; CoCrFeNi (40.33 at.%), CoCrFeNiSn (35.54 at.&grieNiCu (29.50 at.%),
and CoCrFeNiAl (28.50 at.%), while the proportion of the addlegiag elements to the base
CoCrFeNi are as follows; Sn/CoCrFeNiSn (35.32 at.%), AliCediAl (26.23 at.%), and
Cu/CoCrFeNiCu (20.80 at.%). In particular, it would be expectatiGh and possibly the
alloying elements, lead to the potential for formagoxide layer on the sample surface and
may participate in such a layer. Thus, they are thal ¥Yéctor directly relating to the
improvement in corrosion properties of HEA samples, and edPSe further used to examine
and compare the oxidation state of these element®easurface. From this, with the
assumption that these are bonding with oxygen, it canféa@ed which elements are present
in any oxide film that is formedIn the discussion that follows, to be concise we refeéhe
elements in their metallic state (e.g. Cr) and inakide corresponding to the oxidation state
measured (e.g. &Ds); it must be noted however that the actual films fatraee likely to
mixtures of oxides of different elements. Detailed aiglg$ this by Transmission Electron
Microscopy will take place in future work.

Fig. 9 shows the high resolution XPS spectra in the Cr PRpACU 2p52, and Sn 3d
peak regionsf HEA samples. The Cr 2p spectra of all the HEA samplbibié two main spin-
orbit peaks, Cr 2pand Cr 2pp, separated by approximately 9.6 eV. The Gy.3eaks can
be deconvoluted into two components at the binding ersedfi®74.12 eV and 576.68V-
576.90 eV which ar atributed to Cr and Gt (Cr.0s), respectively. This indicates thatOg
is formed to a large extent on all the HEA samples. Alt#p peak of the CoCrFeNiAl sample
can be fitted into two peaks at the binding energies 8972V and 74.58 eV corresponding to
Al and APF* (Al203), respectively. The high ADs content of 74.50 at.% is observed. The Cu
2ps2 peak of CoCrFeNiCu sample exhibits two main peaks of Cu afdt (CwO) at the
binding energies of 932.68 eV and 933.70 eV, respectively, showanigwhcontent of CxD
(18.26 at.%). The Sn 8d peak of CoCrFeNiSn can be fitted into two peaks at theirig
energies of 484.80 eV and 486.39 eV which are attributed to Sn &h(58@), respectively.
This suggests that Sa@ formed with high content of 86.47 at.%. The atomic prigus of
metal oxides and metals are summarized again in Table 5.
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Table5

The relativeatomic proportion of metal oxides and metals (referreddmic percentage of the
total content of the element at the surface) oHBA sample surfaces after corrosion testing.

Cr (Cr at.%) Al (Al at.%) Cu (Cu at.%) Sn (Sn at.%)
HEAsystems—c=—— ¢ A® Al ci&®  Cu s 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 additionl ahd Cu have the effect of reducing
the formation of GOz (more of the Cr is in the metallic state), while tixide films which are
generated by these alloying elementsQaland CuO, are at moderate to low intensay>03
(74.50 at.%) and CO (18.26 at.%). These oxide films are weakly bonded and uasiater
the tested conditions, and thus lead to the poorer ¢omnrossistance observed in these alloys,
being present at a lower proportion after corrosionrigg8,33]. AbOs is relatively weak at
preventing chloride-ion attack, owing to chloride-ion agson through the oxide film [38]
while CuO is formedat low thickness; approximately 5 nm [39]. By contrasthiese alloys
the addition of Sn results in an increase in proportfasoaversion of metallic form to oxide
for both CpOs (100 Cr at.%) and Sn086.47 Sn at.%). This system can therefore foam
significant passive film, which is stronger bonding tti@nother oxides formed on these alloys.
XPS analysis confirms that there is the largest propodiahe passive film remaining after
corrosion in the CoCrFeNiSn. ThexCg is known to be a stable, corrosion-resistant oxide, a
there is evidence to suggest that SiE0also a stable film with high potential for protagti
against chloride-ion attack [40 41

4. Discussion

Following the evidence presented and discussed abovppgsile to propose a series
of mechanisms for the corrosion in chloride solutiérthe HEAs examined in this work. In
the CoCrFeNIAl system, it is found that pitting corrosimturs, with a suggested mechanism
for this, consistent with the observations here anat\ghknown about the alloy shown in Fig.
10a-10c. The passive film§r.0s and AbOs, will be formed when the sample surface is in
contact with atmospheric oxygen, as shown in Fig. 10asefuiently, during the corrosion
process in Fig. 1f) there are three stages to the evolution of pitting;fitkt is the selective
dissolution of Al and Ni from an area happening to beNidrich (some tendency for this was
seen in Fig. 5b). There areas form as the atomicgbaii-Ni have the strongest enthalpy of
formation in this system [32,42]. Corrosion proceedsdbglloying as Al has the lowest
standard electrode potential and theQAlis weak. The second, propagation step is the
increasing damage in the region of the pits from snoaltge corrosion holes [28,33]. The
final stage is when the CoCrFe residue from dealloyingensoved from the hole, leaving
behind the large corrosion pits seen. As indicateldig. 10c, repassivation of the oxide films
may occur on the pitting holes after chloride-ion &tac
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someof the HEA samples examinédthis work when tested in 0.6M NaCl solution at room
temperature; a-c) CoCrFeNiAl, d-f) CoCrFeNiCu, and GaCrFeNiSn.

For the CoCrFeNiCu system, two oxide films are form@d(Qs; and CuO, Fig. 10d.
Cr,03 is known to be a strong film, resistant to chloridea@k, while CuO is a weak film
which easily breaks down in the presence of chloride. iBigs 10e shows the chloride ions
attacking the Cu-rich areas, leading to the removawffrom the main Cu phase. Galvanic
corrosion of the segregated Cu phase occurs, stemmingitgaliffering potential from the
main FCC phase, which forms the cathode, with the €upihase acting as the anode [9]. The



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

The corrosion behavior of CoCrFeNiSn is depicted in Ri@g-10i. The bulk
microstructure of this alloy is composed of two phasdsi-8n intermetallic and CoCrFeNi,
which form two passive fiims, Sn@nd CpOs respectively. Both of these are a noble oxide
flms and will inhibit corrosion in chloride solution, gsesented in Fig. 10g. Galvanic
corrosion is observed on the FCC phase (indicating\ttfen phase has a higher corrosion
potential than the CoCrFeNi phase), particularly atrttezface where the damage is relatively
high, and as a result there is dissolution of some B0o¥, Cr**, F&*, and Nf*, as shown in
Fig. 10h. Then the two passive fims can regeneratdioxgsin Fig. 10i.

In general, it should be noted that the mechanisms prdgoseorrosion depicted in
Fig. 10 are all based on the assumption that the oxme filave a simple structure of good
uniformity; local variations and defects (which havé lbeen explored here) could contribute
to additional behaviors.

To sum up, the addition of Sn has a positive effechemise in corrosion resistance of
equiatomic CoCrFeNi in a medium chloride-containing solytwimle Al and Cuasalloying
elements lead to the decline in corrosion propertieeiuthe same conditions

5. Conclusions

CoCrFeNiSn has thergest passive regiamder the chloride attack conditions used,
compared with the other alloys tested here, CoCrFeNirBeaNiAl, CoCrFeNiCu and stainless
steel 316 and 304. This arises as the result of two comslitihe extensive formation of stable
Cr.03 and SnQ films on the sample surface, while the other novelsltested here show
unstable passive films, and the particular phase formatiothis system (particularly the
occurrence of a Ni-Sn phase). Although the structure angpasition of the oxides formed
locally on the different phases could benefit from TEiMdy, to be performed in future work,
the indications of this investigation are that theC&FeNiSn alloy may be a candidate for
applications where structural materials capable of sugvivitarine or other chloride rich
environments are needed.
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