The
University
NGy Of
&% Sheffield.

This is a repository copy of Effect of Co on the phase stability of CrMnFeCoxNi high
entropy alloys following long-duration exposures at intermediate temperatures.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/151096/

Version: Accepted Version

Article:

Bloomfield, M.E., Christofidou, K.A. orcid.org/0000-0002-8064-5874 and Jones, N.G.
(2019) Effect of Co on the phase stability of CrMnFeCoxNi high entropy alloys following
long-duration exposures at intermediate temperatures. Intermetallics, 114. ISSN
0966-9795

https://doi.org/10.1016/j.intermet.2019.106582

Article available under the terms of the CC-BY-NC-ND licence
(https://creativecommons.org/licenses/by-nc-nd/4.0/).

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long
as you credit the authors, but you can’'t change the article in any way or use it commercially. More
information and the full terms of the licence here: https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose o
university consortium eprints@whiterose.ac.uk
/,:-‘ Uriversities of Leecs: Shetfiekd & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Effect of Co on the phase stability of CrMnFeCoxNi high entropy alloys

following long-duration exposur es at inter mediate temper atur es
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Abstract
The effectof Co on the phase stabiligf the CrMnFeCgNi family of alloys, where the

atomic ratio x = 0, 0.5, 1.5, has been experimentally established following 1000 hour heat
treatmentst 700 and 90T and upo 5000 hourst500°C. All the alloys were single phase
fcc in the homogenised condition, except for CrMnFeNi which also contained bcc
precipitates that remained present following exposar860C and 700C. The exposureat
900°C and 700C also resulteth the formatiorof o phase precipitatas the CrMnFeNi and
CrMnFeCasNi alloys but notn the CrMnFeCgosNi alloy. These datan conjunction with
results previously published the literature, conclusively establish tiea stabilises the fcc
matrix at elevated temperatures. Howeatr500°C, further bulk decompositiom the
CrMnFeNi alloy was observed and produced a fine-scale intergadfvatiNiMn L1o phase
and CrFes phase. Grain boundary precipitates were also observed following expbsure
500°C in the CrMnFeCegsNi and CrMnFeCgosNi alloys. Four different phases were
obseredon the grain boundaried the CrMnFeCesNi alloy (Cr carbide s, FeCoB2 and
NiMn L1o), whilst only two phases were found on the grain boundafidse

CrMnFeCa.Ni alloy (Cr carbide and NiMrL1o). The experimental observations facilitated
anassessmemf the fidelityof current thermodynamic predictionsphase equilibria. All

the phases predicted were observed experimentally amdstheility fitted the experimental
observations well. Howeveaf lower temperatures, thermodynamic predictions were less
consistent with experimental observations, underpredicting the ettd@B2 phase field

and failingto predict the formationf theL1o phase.
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I ntroduction

Multi-principal-component alloys, which maximise configurational entrgpygalled High
Entropy Alloys (HEAS), were defindaly Yehetal. as“Alloys with five or more principal
elements each with a concentration between 3amd4” [1]. The most widely studied set
of alloys following this approach are based on the 3d transition meftasich Cr, FeCo
andNi are the most commonly used elements [2]. One such ex@péequiatomic
CrMnFeCoNi alloy, first reportelly Cantoretal.in 2004 [3]. This quinary alloy has been
shownto exhibit many useful properties including a high Hall-Petch coefficient [4,5] and a
negative temperatuggpendencef strength and ductility [5,6], leading enhanced fracture
toughnessat cryogenic temperatures [7]. However, the alloy has insufficient yield strahgth
room temperature for many engineering applications [8]. Furthermore, itvvies originaly
thoughtto be stablesa single solid solution phaseall temperatures below the melting
point, studies have revealed the precipitation of a topologically close packedd pG&je
following heat treatments below 8@[9-11]. In addition, below 50T, three different
precipitate phases formed, which were identiistliMn L1o, FeCoB2 andCr-rich bcc

[10].

The formatiornof ¢ phasen this temperature ranggealso observeth austenitic
stainless steels [12] am-base superalloys [13], whetehasa highly deleterious effect on
the mechanical properties these material#s such, these alloys are unsuitable for
structural applicationat elevated temperatures where shghase mighbe expectedo form.
Consequently, there has been inteiresteveloping non-equiatomic alloys within the
CrMnFeCoNi system that suppresformation and enhance mechanical properties72j
However, effective design of new alloysthis system requires a complete understanaing
the effectof composition and temperature on phase stability, particudhtlye s phase.

A key challengen the developmerdaf HEAs arises from the vast compositional
freedom inherennh multi-principal component systems, which makes systematic
experimental investigation alone prohibitively time-consumiggsuch, the usef
computational methods predict the phase stability across multi-dimensional compositional
spaces essential [23,24]. One such approacthe CALPHAD method [25], which has
proven highly effectivén more conventional alloy systems. However, the underpinning
thermodynamic databases are predominantly based on the phase equilibria of birtarg and,

lesser extent, ternary systems andncreasing bdy of evidence shows that the fideliby



their predictionsn higher order systems, particuladinear-equiatomic compositioris,
unreliable [18,2631]. Furthermore, many studies of phase stabilityEAs have focused on
temperatures) exces®f 1000C [18,28,30], where single-phase solid solutions are more
likely to form dueto the enhanced entropic contributimnGibbs energy. Consequently, there
is a particular laclof experimental datat lower temperatures andsa result, many
thermodynamic predictiores these temperatures remain unverified. Where experimental
data does exisit is often acquired from material that has not been subj¢ctaal

appropriate homogenisation heat treatment and subsequent thermal etqppeumte the
precipitationof stable phases [31,32]. Thssparticularly true when investigating phase
stability at low homologous temperatures, where there may be severe kinetic limitations
phase formatiomsevidencedn recent radiotracer studies [&5]. Sofar, comparisonsf
CALPHAD predictions, using the TCHEAL database, with experimental results have shown
that the calculations significantly underestimate the temperature sasgbility of thec

phase [2729].

In orderto improve our understandirgf phase stabilityn the CrMnFeCoNi systenit, is
necessaryo determine the eftd of eachconstituent element on the microstructural
equilibrium.It has been well established tigtis the mainc forming elemenin the
CrMnFeCoNi system analssuch promotes the formatioh thes phase [13,14,28,3@1]. In
addition, systematic stussof the effectof Mn andNi have recently been carried out, which
assessed the phase stability following long-term expostitesperatures between 500 and
900°C [27,29]. Thids the temperature range which second phase precipitates have been
observedn the equiatomic alloy [9,10]. The studies establishedMimapromotess
formation whereaBli stabilises the fcc matrix. Howevéeo,date, similarly detailed studies
have not been performed when varyldgor Fe andsothe effectof these elements remains
unclear. The rolef Cois of particular interest du® its high cost relativéo the other
constituent elements, which could significantly undermine the commercial ftdiese
alloys.

The first studyof theCo-free CrMnFeNi alloyby Wu et al. [42] reported that other
phasesin additionto the fcc phase, were present following homogenisatidi00C for
24 h. Whilst no attempt was matteidentify these phases, the associated XRD pattern
contained reflections that are characterigtithec phase, along with others that midpet
consistent with a bcc phase. A further investigatioG@¥ariations was carried oby Bracq

etal. [28] who observed fcc, bcc aagphasesn the Co-free quaternary following a 144 h



exposureat 1000C. In contrast, the 110C annealed specimen contained aiyficc and bcc
phase, suggesting that theolvus mayie in the region 1000 - 110G. Alloys containing 10
and 90 at.% Co, with other elememtsequal amounts, were also investigated following 144
h heat treatmentt 1100C. The alloy containing 10 at.%as single phase fcc whereas the
90 at.%Co alloy contained a second h€w phase with the same composit@asthe fcc
matrix. This was attributetb anallotropic, martensitic transformation during cooling and
hence, hciCo was not considereah equilibrium phasat 1100C. The most comprehensive
studyto date on the effect €@owas carried ouby Zhuetal. [19] on samples containing 5,
10 and 20 at.% Co, anneal@B50C for 48 h. The 5 at.%0 alloy contained dark and light
precipitates which were together identifigsthec phase. The 10 at.%o sample also
containeds precipitates, thougim much smaller volumé&action and the&0 at.%Co alloy
was single phase fcc.

Thus, the current literature data suggest @@a¢nhances the stabilitf the fcc solid
solution relativeo thec phasen concentrationsipto 20 at.%. However, this conclusian
based solely on results from exposure&50'C, which may be above the solvus temperature
of any intermetallic phases; and following relatively short exposafre4— 144 h, which
may not yield equilibrium microstructures. Furthermamehese studies [19,28,42], the
specimens were heat-treated directly fromateast condition, which often contains
solidification-induced microsegregation [29,32,48confirmedin the specimens
investigatedy Zhuetal. [19]. This segregation may influence the microstructural features
subsequently formed, particuladylower temperatures and following short exposures where
limited diffusioncantake place.

Thereforeto elucidate the rolef Co on phase equilibrien the CrMnFeCgNi system,
this manuscript presents a systematic stifdire phase equilibriaf three alloys, where the
atomic ratio was x = 0, 0.5, 1.5. Alf the alloys were homogenised just below their solidus
temperatures prido long duration exposures at least 1000 lat 500, 700 and 90C; the
temperature range which phase decomposition has been shimmatcurin other alloys
within the CrMnFeCoNi system [9,10,19,27].

Experimental

Three alloy compositions, CrMnFeNi, CrMnFefsNi and CrMnFeCgsNi, which
correspondo 0, 11.1 and 27.3 at.%o respectively, were preparég arc-melting elemental
metals,of atleast 99.5% purity, undaninert argon atmospher€o improve the



macroscopidhijomogeneityf the materials, each ingot was inverted emthelted a totabf
five times.

Differential Scanning Calorimetry (DSC) was performed oratheast alloys using a
‘Netzsch DSC404° calorimeter operated under flowing arganemperatures between 50 -
1450C with a heating and cooling radé 10°C / min. Theascast ingots were subsequently
solution treated for 100 &t 1170C, ~50°C below the lowest incipient melting point
determined from the DSC dafBo prevent oxidation during the homogenisation heat-
treatment, each ingot was encapsulated wdhievacuated and argon backfilled quartz
ampoule. Transverse sections, approximatelgpni®thick, were taken from the homogenised
and quenched ingots. These werencapsulated and subjectedong-duration &t
least 100(h) heat treatmenist 500, 700 and 90C, followed by rapid water quenching.

Specimens were prepared for Scanning Electron Microscopy (SEM) aralysis
conventional grinding and polishing routes. Each sample was subjectadjh and fine
grinding using SiC paper followday polishing using 6 an8lum diamond suspensions. Final
polishing was carried out using®4um colloidal silica solution. The specimens were
characteriseth eachcondition using back-scattered electron (BSE) imagirayZeiss
Gemini 300 scanning electron microscope operatdé@kV. Energy dispersive X-ray (EDX)
elemental partitioning maps and point compositions were also obtaine® fr@®aks using
an Oxford Instruments Symmetry detectAn averageof atleast ten EDX spectra points
were used for the compositional quantificatafreachphase. Further characterisatimirfine
scale structures was carried out usand-El Osiris scanning transition electron microscope
(STEM) equipped with Super-X EDX detectof&£M specimens were prepared from 3mm
diameter discs, thinndal twin-jet electropolishing. Lamella containing specific arefas
interest were also extracted from the bulk matdayebcussed ion beam (FIB) milling.

Additional phase characterisation was perforfagX-ray diffraction (XRD) using
Ni filtered Cu Ko radiation on a Brukdd8 Advance diffractometer equipped with a
LYNXEYE-XE position sensitive detector. Diffraction data was acquireéte angular
rangeof 20 - 12526 whilst the sample was rotateaimprove sampling statistics. Phase
identificationand lattice parameters were obtairi®dfull-pattern refinementsf the XRD

data using the Pawley fitting procedure [#[TOPAS-Academic.



Results

The bulk compositiof eachalloy was obtained from the homogenised condition by
averaging five large area EDX maps. Each mapatkesast 500 x 50Qm and the quoted
erroris the standard deviation between the five measureniardl.cases, the individual
elemental concentrations, displayadrable 1, were within + 1 at.%f their target
composition. The melting temperatugdseach alloyjn the homogenised condition, were

obtained from DS@sthe onsebf melting and are displayed Table 2.

CrMnFeCasNi

The microstructuref theCrMnFeCa.sNi (Coy.5) alloy was studieth the homogenised
condition and following subsequent long-term heat treatna®30, 700 and 50C. BSE
images for each heat-treatment condition are displeyEd). 1.In eachcondition, the
specimens had a large grained microstructure and BSE contrast afpeafiedt crystal
orientation rather than compositional variations. Dark particles, present throughout each
specimen, were identifieespores or oxide inclusions. The mottled contrast within the
grains, whichs particularly apparerdt higher magnificationgs a polishing artefact
attributedto chemical etching du the alkaline naturef the colloidal silica polishing
solution. In the specimens expos®00 and’00°C, macroscopic chemical homogeneity
was confirmedy EDX; a typical examplef whichis shownin the elemental partitioning
maps, taken from th&)0°C specimen (dashed outline), shoatrthe bottom of Fig. 1n
contrast, following exposura 500°C, fine-scale discrete precipitates were occasionally
observed on the grain boundaries. An exemplar BSE imiiipese precipitatas shownin
Fig. 2, along with corresponding elemental partitioning maps.stithe precipitates were
too small obtain reliable elemental quantification of their composition, the elemental
partitioning maps revead that they were enriched NiMn and depletech the other
elements relativeo the matrix.

X-ray diffraction patterns from each heat-treatment condition are shokig. 3. All
patterns contained only reflections that were consistent with a single fcc plhsemeasured
lattice parametenf 3.59A. No reflections correspondirtg the grain boundary precipitatis
in the 500°C specimen were observed, whishunsurprising considering tinesmall size and

volume fraction.



CrMnFeCaosNi

BSE image®f the CrMnFeCesNi (Ca.s) alloy following homogenisation and long duration
exposures are shovim Fig. 4.As with theCoy 5 alloy, homogenisatioof theCoo 5 alloy
produced a single phase material, with no evidefegy elemental partitioninig the

related EDX maps. Following 1000 h heat-treatna¢®00C, a new light-contrast phase was
observedo have precipitated along the grain boundaries and witliigrains. The grain
boundary precipitates were large and blocky, whilst the intragranular precipitatas had
elongated lenticular morphology. EDX elemental partitioning maps, taken from within the
dashed box, indicated that these precipitates were eniiti@rddepletedn Ni andMn and
had similar level®f Co andFewhen comparetb the surrounding matrix.

Following long duration exposuet 700°C, similar light-contrast precipitates are observed
along the grain boundaries along with some dark-contrast precipitates. These two phases
were generally observed on separate grain boundaries, although they did also appear
coincidentlyat certain locationsasshownin the higker magnification imagén Fig. 4. EDX
elemental partitioning maps obtained from within the dashed regitw image are shown
below. These maps indicate that both precipitate phases are emi€redut they exhibit
marked differencem the partitioningof the other elements. The light-contrast phase was
depletedn bothMn andNi when comparetb the surrounding matrix material and a slight
depletionin Fewas also noted, whilst tHéo concentration appear¢albe very similarto the
matrix. Conversely, the dark-contrast precipitates were deptetdbdelements relativio the
matrix, with the exception of Cin whichit was more enriched than the light-contrast phase.

Oninitial inspection, the material exposatb00 C did not appear contain any second
phases. However, higher magnification images revealed very fine-scale light land dar
precipitatesat discrete locations on the grain boundaries. These precipitates were tiwo fine
resolvein SEM-based EDX elemental segregation maps, but their appeard3f8E was
very similarto the phases observadthe 700C condition.

The XRD patterns correspondit@the homogenised and long duration exposed
conditionsof theCap s alloy are displayeth Fig. 5.As with theCoy s alloy, eachpattern
contained strong reflections correspondimgnfcc phase with a lattice parametér3.61A,

likely to be the matrix. Initially, no additional reflections were observed correspotuding



precipitatephases observed the microstructure. This unsurprisingasconsidering the
relatively large grain sizaa these alloys, the overall volume fractioihprecipitate phases
will be small. However, further sampliraf the900°C specimen did reveal additional
reflections between 42 and 48, see inserin Fig. 5. These peaks are often repoded
being characteristiof thec phase [19,27,28,45,46], and therefdré thought that the light-

contrast precipitates correspaiodhec phase.

Individual phase compositions, obtain®gdaveraging ten or more point EDX spectra from
eachphase, are provided Table 3.As with the bulk compositions, the quoted elthe
standard deviatioof the individual measurements. The composition of the fcc matgach
condition was foundo be within 1 at.%of the bulk composition, emphasising the small
volume fractiorof precipitates present. Notabtiie composition of the light-contrast phase
was highly consistent between the 900 adefC conditions, with a compositioof
approximately 45Cr-15Mn-20Fe-11Co-9Ni (at.%). Tikig1 good agreement with the
compositionof thecs phase reporteldy several other studies investigating alloys derived from
the CrMnFeCoNi system [9,10,29]; and with thphase fieldn the Cr-Mn-Feternary phase
diagramat 700°C [47], supporting the identification efreflectionsin the diffraction data
above. Dueo their smallsize,compositional analysisf the dark-contrast precipitates was
much more challenging andssuch, there were more substantial errors associated with the
elemental quantification. Howeverswas evidenin the elemental partitioning maps shown

in Fig. 4, the quantified results indicated that these precipitates had a substantiallChigher
content and significantly lowdte- andCo- contents than the phase. Similar backscattered
image contrast and elemental partitioning tremits grain boundary phase have been
reported previouslin other thermally exposed CrMnFeCoNi alloys which were shoviae

the Mp3Ce carbide phase [9,29]. Therefore, whilst no confirmatory crystallographic data has
been acquiredt is believed that these precipitates are likelype a carbide phase formas

a resultof anunintentional incorporatioaf C.

CrMnFeNi

BSE images and corresponding EDX elemental partitioning maps for the Oxlialkey are
displayedn Fig. 6. The homogenised specimen consisfetdlarge grained microstructure
which contained annealing twins. Large, faceted precipitates were observedthethrain

boundaries and within the matrix grains, particularly along twin boundaries. EDX elemental



partitioning maps revealed that these precipitates werénriCh, depletedn Mn & Ni and

had a similar concentration Berelativeto the matrix. The corresponding X-ray diffraction
pattern, showm Fig. 7, revealed two distinct sets of reflections that were indexaulfcc

and a bce phase, with lattice parameters 3.62 and 2.87 A respectively. The multi-component
solid solution phaseaa the CrMnFeCoNi system are knowmadoptanfcc structure, whilst

the compositiorof the Cr-rich phase, givem Table 4, was consistent with the large bcc

phase field within th€r-Mn-Feternary phase diagraat 1200°C [48]. This two-phase
microstructure was consistent with the DSC trace showing. 8,which featured two

melting events.

Thermal exposuref the homogenised materei 900 C resultedn extensive precipitatioaf

a light-contrast phase which formed near-continuous layers along some nitrix gr
boundaries. Widespread formatiohsmall, dark-contrast lath-shaped and spheroidal
precipitates were observed throughout the material. The spheroidal precipitates often
contained secondary lath-shaped precipitateslighter-contrast. Representative elemental
partitioning map®f a grain boundary regian the 900C specimen indicated that all the
precipitate phases we@-rich when comparetb the matrix. Additionally, all the

precipitates were depletéubothMn andNi relativeto the matrix. However, thEe

partitioning varied between the light and dark precipitates FBmntentof the dark-

contrast precipitates was depleted with resfzettte matrix, whereas, the light-contrast phase
had a similaFe concentratiorto the matrix. Furthermore, the lath-shaped secondary
precipitates within the dark-contrast spheroidal particles had the same elemental partitioning
behaviourasthe matrix.As such, three distinct phases were observed within the
microstructure and their quantified phase compositions are pravideble 4. The matrix
phase was substantially depletddCr and enrichedh Ni and Mn, reflecting the large

volume fractiorof precipitates. The composition of the light-contrast phase was around
44Cr-19Mn-26Fe-11Ni (at.%) whids consistent with the phase that was identified the

Coo5 specimens exposed 900 and 70TC. The dark-contrast precipitates however,
contained ~ 64 at.%r and their composition was consistent with the bcc pimatbee Cr-
Mn-Feternary phase diagraat 900 C [48]. Phase identification was further supporbsd

the corresponding XRD pattern, displayedrig. 7, which contained reflections consistent
with anfcc (a=3.62 A), bcqa= 2.88A) andc phasga= 8.83A, b = 4.57 A). The presence
of spherical bcc particles containing secondary precipitates suggests that they are @mnants

the bcc particles formerly presantthe homogenised condition.



Following long duration exposued 700°C, the Co-free quaternary contained dark- and light-
contrast precipitates, very similarthose observedt 900°C. As such, these dark and light
phases are assumidbe the bbc andc phases respectivelgs in the900°C condition, lath-
shaped bcc precipitates appeared throughout the microstructure, though they were generally
finer. Conversely, the former bcc particles were larger but had internally decampose
yielding finersecondary precipitates. There also appe&odse a much smaller volume
fractionof ¢ phase which was only observed on grain boundaries, predominantly coincident
with the Cr-rich former bcc precipitates. Representative EDX data frorfi®& condition
showed that the dark- and light-contrast precipitates had the same elemental partitioning
trendsasin the900°C exposed condition. However, the corresponding X-ray diffraction
pattern, showm Fig. 7, only contained reflections consistent with the preseihaefcc and

a bcc phase, which had the same lattice parameershe900°C specimenNo reflections
correspondingo thecs phase were observed which, again, suggests a detréhsesolume

fractionof c comparedo the900°C exposed condition.

The microstructuref the material exposed for 100@ts00°C, shownin Fig. 6, initially
appeared similaio the homogenised condition, containing large dark-contrast particles
within a lighter matrix. However, higher magnification imaging revealed that bothatriexm
and former bcc precipitates had decompdeddrm complex multi-phase nanocrystalline
structures. A BSE image of a former bcc precipitate andutneunding matrix, Fig. 8,

shows that the former matrix consisteda convoluted inter-growth of light and dark phases,
with coloniesof lamellar of varying interlamellar spacing. The former bcc precipitatehw
had a darker overall contrast, contained a finer convolefialark and light phases. A higher
magnification imagef the boundary betvem a former bcc precipitate and the former matrix
is shownin Fig. 9b; EDX elemental partitioning maps, (i) through (iv), corresporide
dashed regiorin this region, a significant coarseniafjithe microstructurat the former

grain boundary allowed for a closer examinatbthe phases presei.the former matrix
region,atthe bottonof the image, dark-contrast particles featuring annealing twins were
surroundedy a near-continuous light-contrast phase. Howeaaghe former bcc precipitate
region,at the topof the image, the phases were too fimeesolvein SEM. Elemental
partitioning maps, corresponditgthe dashed ared the image, showed that the former bcc
region remainer-rich and depletedf Mn andNi compared with the former matrix. The

Fe-contentof each region appearg¢albe similar, though there was significant partitionarig



Feto the former grain boundaries. Determining the elemental partitioning behavither
fine microstructures withieachregion was beyond the resolution of SEM-based EDX
except foratthe former grain boundarin Fig. 9b, where a coarsenin§the microstructure
revealed a continuous light-contr&ferich phase; and discrete, dark-contidg¢in-rich
particles.

In orderto further characterise the phases presetitis alloy, TEM microanalysis
was employed. The STEM image and corresponding EDX elemental partitioningghthes
lamellar region revealed that the light and dark contrast phases were Cifdvendch
respectively.

The XRD pattern for the 500 condition, showin Fig. 7, includes reflections
correspondingo anfcc (a= 3.61 A), bcqa= 2.88A) andc phasga = 8.78A, c = 4.56 A),
which were also preseirt the 900C condition. Additional reflections were also observed
which correspontb a new ordereti1lo phase with lattice parameters a = 2.63 A and ¢ = 3.52
A. The relative intensity of the reflections from each phase indicate that the volunenfracti
of the fcc and bcc phases has decreased substarsiinat thel 10 andc phases are now
the majority phases. This suggests that the light- and dark-contrast phases observed
correspondo the CrFerich 6 phase and thdiMn-based.1o phase respectively.

STEM-based EDX plsequantifications, displayeith Table 4, were obtained from
the EDX datan Fig. 10, based oan averagef five area spectra within each lameltawas
found that the CrFe-rick phase contained around 10 at¥ and 6 at.%\Ni with the
compositional balance equally split betw&arand Fe. Conversely, the NiMn-badeth
phase contained less than 5 abP&r andFe with the balance composefiNi andMn in an
approximately equiatomic ratitt. should be noted that, dt@the small precipitate size, the

EDX signal measured for one precipitate may include signal from adjacent phases.

Discussion

Effect ofCo on phase stability

Based on the data presented above, and previous results puinligietterature [9,10,28],
the influenceof Co on the phase stabiligf CrMnFeCaNi alloys can be clearly established.
It is evident thaCois a strong fcc solid solution stabilising elemath¢levated temperatures,

which corresponds well with the trends expected from electronic structure calculatitns, suc



asaverage d-orbital energy levelsvalence electron concentrations [49,50,51]. Thimost
clearly demonstratelly the presencef anfcc + bcc two-phase field below the solidnghe
Co-free quaternary. The formatiaf a bcc phasm this alloy has been previously reported
by Bracgetal. [28]in specimens exposed 1100C. Raising theCo-contentto anatomic
fraction 0.5, or beyond, increased the relative stalafityhe fcc solid solution phase, which
resultedn a single-phase fcc region below the solidus. This single-phase field exgsands
functionof increasingCo concentration, depressing the formatadrthec phaseo lower
temperatures. For exampie,the present study, phase precipitates were obsera¢800C
and belowin theCo-freeand Ca s specimens; but were not presananyof the heat-treated
Cous specimens. This trend fits well with previous studiethe equiatomic CrMnFeCoNi
alloy which have shown that tleephases stableat 700C but notat 900C [9,10].

A more precise determination of thgphase solvus was attempted using the DSC data,
displayedn Fig. 8, which was obtained on heating for each condition. A thermal event,
believedto correspondo thec solvus, was observed onlythe CrMnFeNi quaternary
specimens exposed 700C and 500C. Thisis unsurprisingasthese were the samples that
appearedo have the greatest volume fractioic phase. The apparemsolvus, between
1040 and 109, is alsoin good agreement with the wook Bracget al. [28], who observed
c at 1000C but notat 1100C. The DSC trace for the 50D quaternary specimen also
contained a separate, much larger, thermal event between 68D-#58is believedto

correspondo the solvus of th&lo phase.

Formation of intermetallic phases at low temperatures

The potential for the formatioof intermetallic phases increassdow temperaturegsthe
contribution of entropyo the Gibbs energig diminished. Thigs reflectedin the
microstructure®f the alloys exposedat 500C. At this temperature, théo-free quaternary
alloy underwent bulk decomposition, forming a fine scale intergroithe ordered NiMn

L1, phase and phase. Similarly, fine precipitates, thou¢ghbe thes phase, were present on
the grain boundariesf theCao s alloy, whilst theCoy 5 specimen contained NiMn-rich grain
boundary precipitates. Based on the identification of a Niinphasen the Co-free
guaternaryit maybeassumed that the NiMn-rich phaeehe Co; s alloy also takes thelo
crystal structure. However, following a much longer expoetiie2000 h, @o etal. [10]

observed a FeCB2 and aCr-rich bcc phasean additionto the NiMnL1ophase, on the grain



boundaryof the equiatomic CrMnFeCoNi alloy. Their observation indicates that the
formation of additional thermodynamically stable phases may be kinetically inhibited within
1000 hat500°C. Thereforeto establish whether the formatiofadditional phases was
kinetically inhibitedin the specimens heat-treat#d00°C, samplef all three allgs were
subjectedo further exposureat 500°C to achieve total exposure durations of 2500 and

5000 h.

Following these further exposuras500°C, additional fine-scale precipitates were clearly
present on the grain boundaregfghe Cor.sandCoo s alloys, whilst no changem phase
constitution were observed the Co-free alloy. BSE images and EDX elemental partitioning
mapsof representative grain boundary regionshe Co. s alloy following these exposures
are displayedh Fig. 11. The elemental partitioning maps regd#éthe presencef aNi- and
Mn- rich phaseaswell asa Cr-rich phase. Both precipitates were depleted of all other
elements relativeo the matrix. Based on the phases previously identifi¢dis system, the
NiMn-rich precipitates are believed be thel. 1o phase, whilst th€r-rich phases believed

to be a carbide. This supportedy the observed C enrichment coincident with@neich
precipitatesn the elemental partitioning map§the 5000 h condition. A slight enrichment
of FeandCo was also observed the regions adjacet the NiMn- andCr-rich precipitates.
However, there was no clear evidence within the data colleztdygest that these regions
constitutedan additional phase.

BSE image®f typical grain boundary regions from t@ev s alloy following further
exposures along with elemental partitioning maps are showig. 12. From these data four
different precipitée phases were identifieds in the 1000 h condition, there was evidente
dark- and light- contrast precipitates on the grain boundariee BSE image. These were
both foundto be Cr-rich but exhibited marked differencisthe partitioningpf the other
elements. The dark contrast precipitates were depietdtother elements, whereas, the
light contrast precipitates were depletedNirandMn but contained a similar concentration
of Co andFeto the surrounding matriXAs such, these precipitates are belieteele aCr
carbide phase andphase respectively. Other precipitates were fdaard Ni- andMn- rich,
indicating thatat 500°C, theL1o phase form# all of the studied alloys. Evidenoé
precipitates enricheid bothFeandCo was also found, which, critically, also showed
depletionan the concentrationsf other elementsAs such, these precipitates are belieteed
be the FeC®2 phase which has been identified previouslthe CrMnFeCoNi alloy [10].



The prolonged exposure times requitedorm certain precipitate phasats500C means that
care must be takeo distinguish between kinetic and thermodynamic influences on the
observed phasex this temperature. Recent radiotracer{34 and inter-diffusion [52]
studies have measured the individual diffusivitieseathcomponent elemeim the
CrMnFeCoNi alloy and its constituent quaternaries. These data have highlighted that, within
this system, the homologous temperatuas a dominant influence on the diffusional
kinetics. Thusasthe melting temperatue the alloys studied here increased vit

content (Table 2), the diffusivitied each elemental speciata given temperature would be
expectedo decrease [53JAs such, the kineticef phase formation maye slowerin alloys
with greaterCo-contents, thereby enhancing the metastsohi the fcc solid solution.
However,to date, no appropriate diffusional data exists forGbdree quaternary nor other
related non-equiatomic alloys conclusively establish and quantify the effetCo on the

kineticsof diffusion.

Fidelity of thermodynamic predictions

A predicted pseudo-binary phase diagram between CrMnFeNi and Co, calculated using the
TCHEAS3 database and ThermoCascdisplayedn Fig. 13. The soliduss predictedo
increasesteadily with increasin@o-content and closely matches the values meadyred
DSC,to within 15C (Table 2). The phase diagram suggests that abbae% Co, a single

fcc phase field exists below the solidus, whereas, with |@@aoncentrations a bcc phase

also forms during solidification. The extasftthe fcc + bcc phase field small and exists

onlyto ~1050C. Below this temperature a large fcephase fields predicted, suggesting

that the formatiomf the intermetallic phags preferableo the bcc phase. Theformation

temperature decreasesa linear fashion with increasir€o concentration.

The experimental observations from this study, and previous studies [9,10] of the equiatomic
quinary alloy, involving exposures atleast 1000 h, are indicated on the pseudo-binary

phase diagram. Conditions that produced single-phase fcc microstructures are denoted with
green squares, whilst those which contaimgdhase precipitates are sholwred circles.
Exposures that produced beatland bcc precipitates are identified purple hexagonand

those for which produced other phases, includind.-fhewere present are representgd

blue diamonds.



Comparing the TCHEAS predictions with the experimentally observed phases shows that the
trendof the predicted solvus fits well with the experimental data for alloys containintpup
20 at.% Co. However, when tki®-content was increased anatomic raio of 1.5, the
absencef theo phaseat 700C suggests that increasi@g-content beyond the equiatomic
concentration supresses the formatdo substantially more than the linear trend predicted.
The bcc phase observadthe Co-free quaternary was predictbg TCHEAS, but onlyat

high temperatures. However, our experimental observations indicated that the bcc phase
remained stable dowto a temperaturef atleast 700C. There was also evidenoéthe bcc
phasen the XRD pattern from th£00°C specimen (Fig.)7 but dueto the slow diffusion
kinetics this phase could wéle metastableln addition, aCr-based bcc phase was observed
by Ottoetal. [10]in CrMnFeCoNiat 500°C, this reappearanad a bcc phasat higherCo-
contentds not predictecdby TCHEA3. However, a CoFe-basB@ phase was predicted

500°C in alloys containing 25 at.% Co. This phase was experimentally obseat/8d0C

in the equiatomic quinary alloy [10] amitheCoo 5 alloy studied here. Interestingly,
definitive evidencef theB2 phase was not fourid theCoy 5 alloy, even after a 5000 h
exposure. Again, the lack of clear experimental evidefitieis phasén the Co s alloy may

be dueto kinetic suppression rather than thermodynamic stability. Nevertheless, the
appearancef theB2 phasan the equiatomic an@o 5 alloys requirean adjustmenbof the
databasé¢o extend the compositional rangethis phaséo lower Co-contentsat 500°C.

A more major discrepancy between experimental results and thermodynamic prediction
relatedto the formation of the orderddl, intermetallic phase, which has been
experimentally observeat 500°C in all of the alloys within the considered compositional
range. This phase was not predidieébrm at all when the TCHEAS3 database was used,
despite being presemt the MnNi [54], CoMnNi [55], CrMnNi [55] and FeMnNi [56] phase
diagrams, which highlightanissue with the relative positi@f the corresponding Gibbs free

energy curves.



Conclusions

This study has experimentally investigated the etf€€o concentratioron phase stabilityn
the CrMnFeCgNi family of alloys and assessed the fidebfyequilibrium phase predictions
of the latest High Entropy Alloy thermodynamic database.

The results show th&to effectively stabilises the fcc phagkelevated temperatures,
suppressing the formation of the bcc anphasesln the homogenised condition, tBe-free
guaternary contained bcc precipitates, while alloys contamnibip1 at.%4Co were single
phase fcc. Subsequent exposwE300 and 70T resultedn the formation ob phase
precipitatesn the Co-free andCao.sspecimens, but nat the Coysalloy, which remained
single phase fcAt 500C, the CrMnFeNi alloy underwent bulk fine-scale decomposition
producinganintergrowth of a NiMrL1, and CrFes phase. Fine-scale precipitates were also
observed on the grain boundar®<o.s andCox s alloysat this temperature. Four different
precipitate phases,Gr carbides, anFeCoB2 and a NiMnL1o were observed on the grain
boundarie®f the Cop 5 alloy, whilst only aCr carbide and a NiMih1o were found on the
grain boundariesef theCoy 5 alloy.

Thermodynamic predictions for this system describsthbility reasonably well but
underestimated the stability the bcc phase, which was experimentally obseatetlich
lower temperatures than predicted. Moreover, they underpredicted the exterB2fpthase
field and failedto predict the formationf the ordered.1o phaseat 500C. This portrays a
general decrease the fidelityof thermodynamic predictioret lower temperatures which
may be attributedto the lack of appropriate low temperature experimentaliddtee
literature. Consequentlgt present, care shoulgk taken when using thermodynamic models

to predict low temperature phase stabilityalloys of the CrMnFeCoNi system.
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Tablel
Bulk composition®f each alloyin the homogenised condition. Elemental concentrations are

givenin atomic percent and the eriisithe standard deviation between five large area EDX
scans.

Alloy Cr Mn Fe Co Ni
CrMnFeCa.sNi 184 0.1 18.7x0.1 18.1+£0.1 27.0x0.1 178+0.1
CrMnFeCa.Ni 226 0.1 21.7+0.1 22.3x0.1 11.3+0.1 221+0.1

CrMnFeNi 25.0+£0.3 25.3+0.3 249+0.2 - 24804

Table2
Solidus temperatures obtained from D&G@lloysin the homogenised condition. The solidus

was takerasthe onsebdf melting during heatingt 10°C/min.

Alloy DSC SolidusC)
CrMnFeCa.sNi 1295
CrMnFeCao.sNi 1265

CrMnFeNi 1225

Table3

Phase compositiord the CrMnFeCesNi alloy following 1000 h heat treatmeras900, 700
and 500C obtainedy averagingpf EDX point spectra. Elemental concentrations are given
in at. % along with the standard deviation between measurements.

Condition Phase / structure Cr Mn Fe Co Ni
900°C matrix / fcc 21905 21.7+0.3 224 +£0.3 11.5+£0.2 225+0.5
light ppt. /o 452 +0.7 155+0.3 20.2+0.2 10.1+£0.2 9.0+0.3
700°C matrix / fcc 224+04 21.7+0.4 224 +0.3 114+0.2 221+01
light ppt. /o 456 +2.3 145+0.9 206 £0.3 11.2+0.2 8.0x1.2
dark ppt. / carbide 69.0 £ 93 105+£2.6 104+2.2 40+14 6.1+3.1

500°C matrix / fcc 225+0.2 21.6+0.2 225+0.2 114+0.2 22.0+0.2




Table4

Phase compositiord the CrMnFeNi alloyn the homogenised condition and following
1000 h heat treatmeras 900, 700 and 50C. Average compositions were obtained from
SEM-based EDX point spectra, excepthe 500C condition where TEM-based EDX was
used dueo the fine precipitate size.

Condition Phase / structure Cr Mn Fe Ni

1170C matrix / fcc 244 +£0.2 255%0.5 25.0x04 251+0.3
dark ppt. / bcc 40.6 +0.6 20.4+0.4 25.1+0.3 139104

900°C matrix / fcc 17.0+0.3 29.3+0.4 23.9+0.5 29.8+0.4
dark ppt. / bcc 64.3+2.4 13.0+£1.0 18.7+05 40+£1.0

light ppt. /o 443 +0.7 189+0.4 26.4+0.3 105+0.3

700°C matrix / fcc 242+0.2 26.2+0.3 24.7+0.2 25.0+0.2
dark ppt. / bce 69.8 £5.5 120+2.1 13.0+£2.0 52+28

light ppt. /o 445+0.8 17.3+0.4 30.9+0.3 7.3+0.6

500°C dark phase LL10* 2.7+0.6 456+1.1 3817 47925
light phase 6* 420+1.4 105+1.1 41.7 +0.7 57+£10

* TEM-EDX



Homogenised (1170°C)

Spm

Figure 1 - BSE images of the CrMnFegéNi alloyin the homogenised condition and
following 1000 h heat treatmeras900, 700 and 50C. Representative EDX elemental
partitioning maps are displayed below which corresgoride higher magnification BSE

imageof the 700C specimen (dashed outline).



Figure 2 - BSE image and corresponding EDX elemental partitioning robghe fine scale
grain boundary precipitates obsenmedhe CrMnFeCeo:sNi alloy following a 1000 h heat
treatmentat 500°C.
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Figure 3— XRD patterns of the CrMnFe&eNi alloy in the homogenised condition and
following 1000 h heat treatmera$900, 700 and 50C.



Homogenised (1170°C)

Figure4 - BSE images of the CrMnFegéNi alloyin the homogenised condition and
following 1000 h heat treatmera$900, 700 and 50C. Representative EDX elemental
partitioning maps are displayed below which corresgomdgionsof the BSE images

indicated with a dashed outline.
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Figure5—- XRD patterns of the CrMnFe@eNi alloy in the homogenised condition and
following 1000 h heat treatmeras900, 700 and 50C. Inset showsnadditional XRD

pattern from a different regiasf the 900C heat-treated materiad which ¢ reflections were
identified.



Homogenised (1170°C)

Figure 6 — BSE imageof the CrMnFeNi alloyn the homogenised condition and following
1000 h heat treatmeraéis 900, 700 and 50C. Representative EDX elemental partitioning
maps are displayed below which corresptmthe BSE images indicated with a dashed

outline and labelled (i) through (iii).
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Figure 7 — XRD patterns of the CrMnFeNi allog the homogenised condition and following
1000 h heat treatmerdé$s 900, 700 and 50C.
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Figure 8 — Differential Scanning Calorimetry thermograofSCrMnFeNi alloy specimens

upon heating. Includes materialthe homogenised conditi@i 1170°C for 100 h and heat-
treatedat 900, 700 and00°C for 1000 h.
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Figure 9 — (a) BSE image shows a former bcc precipitate within the former nadtithe
CrMnFeNi specimen following 1000 h exposait&00C. (b) BSE image shows the

boundary between the former bcc precipitate (above) and the former matrix region (below).

The EDX elemental partitioning maps, (i) through (iv), corresgorde dashed regian
image (b).



Figure 10 - STEM imageof ultra-fine lamellar structures within the former matrix regién
the CrMnFeCoNi specimen exposed for 1008 500C. The EDX elemental partitioning
maps above correspotalthe dashed region.
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Figure 11 - BSE images and corresponding EDX elemental partitioning ofagrsin

5000h

boundary regions the CrMnFeCgsNi alloy following 2500 and 5000 h exposueds
500°C.
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Figure 12 - BSE images and corresponding EDX elemental partitioning ofagrsin
boundary regions the CrMnFeCesNi alloy following 2500 and 5000 h exposuegs
500°C.
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Figure 13 - Sectionof aCo isoplethof the CrMnFeCeNi alloy showing the phase stability
predictionsof TCHEA3. Compositions and temperatures whephase has been
experimentally observed are shoasred circles while those which were single phase fcc are
denoted with green squares. Purple hexagons tedloa presencef bccaswell asc
precipitates and blue diamonds contained other phiast®uld be noted that this diagram

requires the datt be plotted using nominal, rather than actual, alloy compositions.



