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Abstract

A thermodynamidescriptionof the FeTe system needs to be developed in order to model internal
corrosionby fission product fuel pins ofGeneration I\huclear reactorsln preparation fora
thermodynamic assessment of the syst, an experimental studyas been performeth order to
clarify some unknown or conflictinthase diagrandata.New ghase diagram data hauseen

obtained using Differential Thermal Analyaiglisothermal heat treatment$ollowed by electron
microscopy wh EDSandWDSanalysisTheDTA analyisrevealed new phase boundary data, and
confirmed a very steep Fich liquidus, supporting the possibility of a liquid miscibility gap in the Fe
FeTe regionThe analyss alsoconfirmedthe probableeutectoidreaction U\ UE Uat 523 1%The
invariant arrests of theinknown Uphasewere consistent witlinformation availablein literature, but
the phasewas notidentified via XRf samplesat its postulatedcomposition.However,
metallography of the samplegvealed arunexpectedmicrostructurepertaining to the Uphase,

which might be theUphase, ands discussed in this papéthemonoclinicspace group% | is
proposedfor the Uphase based on XRDhe collected data will be used together with that available
in literatureto performa thermodynamicCalphadassessment in a subsequent paart Il
Thermodynamic modelling

Keywords:huclear reactor materials thermal analysis “scanning electromicroscopy, SEM U
Au S 00}PE HEZC _U(("G S]Iv_U "% Z o SE ve]S]}ve_

1. Introduction

Most commercial light water reactors\(VR operate in a thermal neutron spectrytwith zirconium
alloys as thdfuel encapsulationgladding. AmongGeneration I\Auclear reactors currently under
developmentare the Sodium cooled Fast neutron Reactors (SFR), opevdting fastneutron
spedrum and a liquidsodiumcoolant. The MOX fuel (imedoxide of uanium and plutonium) pellets
are containedin stainless steatladding. Post irradiation examination &flOX fuel pingrom SFR
reactorshaverevealedan internal corrosion process whesemefission productsnitiate Fuet
CladlingChemical Interaction (FCCI) and Fis$tooduct induced Liquid Metal Embrittlement
(FPLME]-3]. Thiscorrosionis facilitatedby therelease and migrationf these volatile fission
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products fromthe fuel, into the fuel pin gap, and cesium and tellurium are key elemertssn
process.

Thermodynamistudies d the effect of Cs and Tenastainless stediaveconcluded that the hyper
stoichiometry of the oxide fuel during burnup results in a sufficiently high tellurium potential to
enablecorrosion[4-6]. Pulham and Richards-11] made experimental studiesn the corrosion of
Cs, Te an€lCsTe) mixtureswith varying oxygen potentian the candidatecladdingalloysNimonic
PE16, austenitic M316 and ferritic FV448 and DT2203Y@y concluded thahe corrosion process,
including steel matrix attack and intgranular corrosion, is sensitive tlifferent C¢Te ratios and
oxygen potentialswhichchange the mode of corrosion. In most cagessition metal tellurides
and oxides were formedeposited inscales composed mainly of-Csand C¢¥Te compounds at low
oxygen potentialsand FeTe, Cd-eO and C£rO compoundsat high potentials.

In order topredict whether or nothis internal corrosion of the fuel pirduring operationwill be a
life-limiting factorof the reactor a corrosion model has to be implemted. As input data for that
model,a thermodynamic database tfie Fe C-Ni-CsTe-O systemmust be developedn order to
assess such a complex system, all the binary, ternary and kigthersub-systems need to be
assessed.

Thispaper present@an experimental studgf the FeTe phase diagrano be included inthe
thermodynamic assessmeptesented inPart It Thermodynamic modellin§ection2 summarizes
the state of the art of the F&e systemSection3 then describes the experimental methods used,
followed by a discussion of the results of metallographic studieannealed sampleas sectiord. 1,
and an analysis of heat curves from DTA in seeti@. Finally, sectio® summarizeghe main
conclusions and gives suggestions for future work.

2. State of the art on th&eTe system
In their work,Granvoldet al [12] characterizednost known phasesf the ironttellurium system, i.e.
the U U Uand 6phases. This was lateompleted with the discovery of another higémperature
phase U'byRast and Webjarnsdi3]. A number of researchetien publishedexperimental phae
diagramsand homogeneity rangesf the FeTe systenj14-18]. Ipseret al.[19] observed
inconsistencies betwen those diagrams, and revised the phase diagbased orisopiestic,Thermal
Analysis (TApifferential ThermbAnalysis (DTAAnd X-ray diffraction (XRPmeasurementsas
shown inFigure laChattopadhyay and Bharadw@0] reviewed the systemand accepted the
phase diagram by Ipset al., adding a liquid miscibility gap suggestedMann and Van VladR1] in
their partial diagranshown inFigure 1bOkamoto and TanndR2] published a separate review,
accepting a similar phase diagram including an austenite loop.
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Figures 1a and 1b FeTe phase diagrams by Ipsaral.[19] (1a) and Mann and/anVlack [21]1b).

Tablel presents theavailablecrystallographic data of the systeras well as their approximate
chemical formulaeThe designation of Bekletters by Genvold et al will be used throughout this
text. Several XRD studiase available otthe crystal structures ofie U Uand dphaseq12,19,23
25]. As shown ifrigure lalpseret al. proposed the existence ofland Usinglephase regionsvith

an intermediatetwo-phase regionThe Cdj-type ordering of thehexagonalUphase was confirmed
by Mdssbauer and neutron diffraction studig6,27] While themonoclinic Uphase is related to the
NiAs structure family, the exaispace group remains unknown. In theTdi system, the Nich U
phase is of the NiAs structure, exjencing a 2 order transition into the Cgitype with increased
Te-content[28,29] Moddling has supported the possibility of@\ Uorder-disorder
transformation in the F&'e systembut it has not beerexperimentallyconfirmed[30].

The ordered naire of the Uphasehas beerconfirmedby neutron diffraction studieasan
intermediatestate between the CpSb and PbO type structuresith half of the tetrahedrakites
filled with Fe atoms, and excess Fé¢ha octahedralsites[31,32] The hightemperature Uphase
wasobservedby Rgst and Webjgrnsemssimilarto the 4% (160) FesNi, sTe phase found by
Steveld33], a ternary phase that was later-oharacterized agtul (166) byAkessorand Rast
known asFe) »dNio 25T 44[13,34] Onlya few reflections were notedvith qualitative intensities, but
all shared with the RggdNi 25T & 44 Structure.

Reflections of a phase of unknown crystal structure were found betweerilked Uphase, called
the Uphase believed to exist at 52 a% TeFigures1)[12,19]



Tablel: Crystallographic data of Fee phased_ attice parameters available in literature is given for phases relevant to this
work. It: low-temperature phaseht: hightemperature phasehp: high-pressure phasé.. Crystal structure not confirmed.

** . Suggestedby Chevretoi35], without evidence; this work later finds that the phase may bihisfspace grouphowever
not this prototype.

Pearson Lattice parameters
Phase symbol Space group| a b C U Prototype Ref.
U U A 2t + 1 & W
O A ? (v (1 & Cu
R (AgsbA(Y)  Disw 4ul 4.013 - 2096 - | FeNisTew  [34]
D4tv 4% 4013 - 20.96 - [13]
U (A <6 AlD) PR 2vJIl & | 38 - 628 - CuSb [12,31]
P2 2v JII & | 3.82 - 6.28 - PbO [12,31]
(Us (Asged A) 12 x 2tg | [31,32]
O(ABys.5(t)  NA N/A N/A N/A [12]
U(AsBbA(NE) 158 N/A 3.846 - 5.641 90.2 N/A [12,19]
Suggested: 15z % &s This work
I5sv % | &s This work CrS** [22]
(R ( Ag. 6 Atl) D2u 281s | 380 - 5662 - Cdp [26,36]
(D2v 2x; 11? | 380 - 5662 - NiAs) [12]
6 (A @y (lt) KX 2JJ1 5.26 6.268 3.876 - Fe$(Marcasite) [18]
(6 (A @shp) 25t 2% FeS (Pyrite) [37]
6A D2u 2ust's 4466 - 5919 - GSe [38]

Although much work has been done to study theTreesystem, some questions remain that may
significantly affect the thermodynamic modeling of the systétann and Van VladR1] suggested a
liquid miscibility gap in the HeeTe regionHigure 1bhich was accepted b®kamoto and Tanner
[22], while no Feich liquidus data nor activity data exist to support this. Theidle phase boundary
of the dphase remaintargelyuncertain as well as thdJ\ U'E Utransformation and the solvus
lines of the Uand Uphases.

In the present work, we performed isothermal heat treatnte with metallographic studies ariaTA

in order todeterminethese unknown or uncertain phasmundaies of the Fele system, as well as
gain more insight into the nature of theand Uphases. An explanation of the experimental methods
employedfollows in sectior8.

3. Experimental methods

3.1. Materials preparation
The samples were prepared usi®g.9 % pureron wire piecesfrom Balzersvhose surfacesvere
polished to remove any surface oxide, rinsed with ethanol, dried, cut and weighed Ihefioig
collected in silica ampoules together wi#i9.999 %pure nuggetsof tellurium from Goodfellow
Cambridge LtdBefore filling ampoules were cleaned in an ultrasonic hathsed with ethanol and
dried.

Samples for isothermal heat treatments had a total mass of around 1 gram and samples{fbGBTA
studies had a total mass of around-800 mg to ensure a strorgignal of weak thermal arrests.
Ampoules were then backfilled with argon and sealeder primary vacuunurther detai of the
isothermal heat treatments and DTpkoceduredollow in paragraph8.2-3.3.



3.2. Isothermal heat treatmentand sample characterizah
For the isothermal heat treatments, an array of two to four sealed ampoules was rested at an incline
inside ahorizontal tube furnac€ 6, , L syy u). The sample batch was held for two to four hours
above the predicted melting temperature of the alldlgen held for one to four weeks at a selected
temperature(z v 0 ssvt ; Atthe end of the treatmenthe sample array was pulled out of the
furnace and quenched in cold watek.decision was madaot to crush the ampoules upon retrieval
in orderto a)avoid destroying thenicrostructue of the very brittle samples, tinit oxidatiorn with
thesefactorsin mind, the possibility of non-equilibrium state wagonsideredduring analysis.

Retrieved samples wemld set in resirpellets whichafter polishingwere coated with a thin carbon
layer by carbotiiber wire flash pulserior to Scanning Electron Microscopy (SEMalysisThe
polishing was done with grit 800, 1200 and 2000 SiC paper, faltweiamond suspensions of 9, 6
and finallyl pm particle size.

Samples were theatudiedviaLight (ptical Microscopy(LOM)and SEM(Zeiss LEO 1450)/Bnd

phase compositions were measured wiEhergy Dispersive Spectroscopp& More accurate tie

line determination was performedsinga Cameca SX5@icroprobe withWavelength Dispersive
Spectroscopy (WD8gtectors Whenthe solid phase composition ses uniform, it is regarded as
equilibrated and the average of the flat bulk composition is taken as the soldinility In case the
compostion profile has a linear shape, it is not at equilibrium, but treated as a diffusion couple and
the phase boundary evaluated from extrapolation of the composition to the interface. Most samples
showed no to slight reaction with the silica ampoules, wiiéchxpected from liquid tellurium, and

the alloys held isothermally in equilibrium with liquid had clearly reactéeerefore, m all WDS
analyses oxygen argilicon contaminatioawere also searched fosiliconcontaminationabove the
detection limitwas never found When uniform oxygen traces were observed, the composition was
normalized to the Fde content to best appximate the binary solubility.

3.3. Differential Thermal Analysis
A Setaram Setsys 16/18 DTS&A machine was used to confirm phase boundasfeheFeTe
system support astudyof the nature of the gamma phasand to find the believed to be eutectoid

decomposition ofJ ( A9 6 Anto UF ( Ais. 6 ASincethe Ferich liquidushad not yet been founda
sample was prepared to attempdentifying that as well

The temperature was calibrated using theelting poins of lead, zinc, silver andlyl standardgrom
SETARAM placed in alumina crucibifes. silver and zinc, platinum lids covered the crucibldarti

mass lossor each run vth alloys, galed silica ampoulesere placed in the bttom of open

alumina cruciblesone containingan FeTe sampleand one arempty reference ampoule. To check

the delay in heat conduction through the silica ampoule to the bottom of the alumina éeuaib
measurement was performed on gold at 5, 3 and 1 K/min; a rather constant temperature offset from
the calibration measurement of 0.4 K was found and thus subtracted from all subsequent
measurements on alloy samples.

All alloy samples were melted inghmachine for 30 to 40 minutes followed by cycles of heating and
cooling pogrammed at rates of 5, 3 ar®dor 1 K/min. Argon was used #se carrier and furnace
protection gas together with a closed coolant circuit of water kept at 2D®€.to a lack of

calibration standard that donot experience significant supercooling, the apparatus was not
calibrated for cooling cycle$he methodology recommended Boettingeret al. wasfollowed for

the sampling of onsets and offsets of reacti¢d3].



3.4. XrayDiffractionand structure refinement
X-ray Diffraction (XRDyas performed on some of the samplesorder to verify present phases, as
well as attempt to identify the crystal structure of tHdohaseandthe space group of thdphase.
FT51_T2, FT54_8dFT55 X were machimeilled and the others milled by mortar and pestle.
Powders were then filtered using a 20um test sie&&rucker D8 Advance andW E oCS] o y[W ES
PRO diffractometewere used with aa t asetup.Samples were spinned in order toprove the
measurement statistics of the XRD patterRer the first few samples@uX-ray tubewas used. A
knife was placed by the sampite mitigate diffusion at low angleand thel-dimensional linear
Lynxeye detectocutoff energy was set above the engy ofthe Fe - Ufluorescencdine.
Subsequently, aCo® C Spu A « pe A]3Z vdignpension@ déteGarBoth Xray
sourceshad a- & Usintensity ratio of2:1.

Rietveld refinement was performed using the MAUD softwdfe41] with an isotropic size

(Gaussian distributiorgtrain (lorentzian contribution) model considering a Pseiigt line profile
function with axial divergencgl2]. Due to absorption by Te, the peak intensity decreases with higher
angle therefore, Fe sitéractions could not be well refined, and were instead fixed at probable
compositiongparticularly deduced by structure relaxation via DFT computabtoreover, due to
residual texturing effects including the observation of platelet phasesl.¢hBail meiod [43] was
usedas structure factor model.

4. Results and discussio

4.1. Phase diagram data from heat treatments
Table2 presents the prepared compositions and expected phases of the samples for isothermal heat
treatments. Thesample names identify two thingfrst, FT# implies an Fee sample of # &b Te
Second, sffixesdenote purpose:T for tie-line determination, S for singlghase composition and X
for crystal structure determination via XRB final number was added if several samples of the same
composiion were preparedAs can be seen ifiable2, some samples wereeattreated for 4 weeks
to ensure thermodynamic equilibrium at such low temperaturEable3 summarizes phase
boundaries of twegphase samies evaluated fronthe composition analyses vieDSand WDSThe
respective tielines are shown ifrigure2, imposedon the calculated phase diagram compared with
published phasdoundary dataseePart Il: Thermodynamic modellingrilled symbols represent the
prepared average sample compositifiable?), and empty symboleepresentthe evaluded phase
boundary compositionsT@ble3). The tielines are overall consistent with available solubility data.

Most heat treated samples showed no to small interaction with the silica ampoule. Samples treated
in equilibrium with liquid showed a thin, sodike, dark layepn theinnerwall of the anpoule;while
areactionhadclearlytaken placethe extent was deemed smahough to not affect the state of the
bulk sampleand the ampoules remained intacthe largst extent of reaction was seen in sample
FT58_ S2, being cratered witdrge semispherical bubblesThe outer rim of the samplshowed a
clearand uniform about5 pm thick regionof Uphasecomposition Analysis offte deposits on the
ampoulerevealedtellurium oxide particlesin all two-phasesamplespxygen was concentrated in

the most Ferich phase, i.e. the phase with more vacanterstitial sites.

A discussion of the composition analysis of the individual heat treated samples follows, divided in
different regions of the phase diagram with descending tellurium content

4.1.1. Samples of 77 to 6&t% Te
As seen irrigureb, sampleFT77_Tconsists of primaryophase precipitates and a quenched liquid
phase that solidified intoddendrites and tellurium, in agreement with the phase diagr@nack of



grain boundaries in the quenched matrix phase signifies a possibly retained amorphous state.
Precipitates of pure tellurium <0.4 um in size were also observed embedded in the.Raffix T

showed slightly more reaction with the silica than other samples, with the exception of FT58_S2, due
to both the higher tellurium content, and the partially liquid stateF6F77_Turing heat treatment.

The sampleampoule reaction resulted in a talium depletion about 10 um into the sample, which

was deemed not to have significantly affected the average solid phase compao$hieXRD powder
pattern could not be refinedliueto very high noise as wes an oscillating backgrourahssibly

from amorphous tellurium Reflections froméphase and traces of pure Te were identified, but also
traces of Uphase the reason of which cannot be readily explained; it could be due to the interaction
between liquid solution and the ampoule.

As seen ifrigure8, FT65_T contained large bands of pores as well as cracks delineating almost all
U' éphase boundaries. Théareas were completely smooth whilé'was cratered with surface
damage from polishing={gure5 and Figure8).

In both samples=DS and WDshowed on average flat composition profiles in the phase interfaces,
and they were regarded as equilibratedth a maximum data spread of +0.5 at% Te for thighase
and £0.3 at% Te fahe dphase(Table3). No oxygen was found in théphasebut there were
detectablelevelsin U oxygensignal peaks wermostlyrelated to surface damaghich might
explainthe large error in equilibrium bulk concentration of)!

4.1.2. Samples of 5tb 51 at% Te
FT54_S was preparedth the aimto obtaina pure Uphase; insteagdwhat seemed to be a two
phase equilibrium ofJ E Unas obtainedThis may be due tthe difficulty of nuclating U as has
been noted beford19]. However,a foreign microstructuravas observedn the phase region with
composition consignt with the Uphase, shown ihackscattered electron imaging ¢figure3. The
stripesseem to be aligned along the grain orientati@ee Figure S1, Supplementary matgraid
wereabout 1 um wide as can be seen in Figus@ Due to a stripe width ohbout the eme size as
the affected zone oEDS and WDS analy@digum), discrete composition differences between the
regionscouldnot be accurately determinegbut the minimum and maximum compositions found
from 36 pointsin EDSvere 55.3 at% Te arfiD.7 at% Tethe formeris close to the(phase (54 at%
Te) the latter seemsconsistent with the Uphase The formation ofUon quenching is possible since
the Uphase hapreviouslybeen found to easily decomposeto Uand Uon cooling[19]. FT51_T2
was prepared af higher temperature in theU E Uregion, but again no phase region with a
composition of the(Uphase was found. Here thephase fraction was much smaller, with fewer and
finer Te-rich stripes appearing to precipitate in and emate fromthe UE Uphase boundaries
(Figured). No such stripes were found in the two samples FT58_S1 and FT58_S2, prepared to be pure
Uphase.Thisabsencemeans that the striped microstructure may not merely be the partial
decomposition ofUnto U since that wouldalsohave been obsendin FT58 S1 and FT58. S2

It is interesting to note that theljphases in samples FT54_S and FT51 oW igrym size sheets
similarly to what is usually called 2D crysi{akse Figure 3-S8 Supplementary material This is
common for the NiAs structure family of transition metdlalcogenides that tend to grow in layers
[44,45] The actual crystal thickness cannot be deduced from the SEM imagesitey may be
thinner than isvisible(SeeFigureS9for magnificatior). The BSE image lBigureS10shows that the
striped structurediscussed abovis not related to individual layers dfphase, since they are here
seen to cross over several crystdlhis indicates that the stripgwobablyformedIater than the
precipitation of Uphase. With the aboveiscussiorin mind, it is possible that théjphase is a NiAs
related structure, and forms hgiffusion over short distancea the Uphase. This could explain the
preferred formation of the structure onlin Uphase regions, and the parallel orientation.



The high average oxygen contaitFT54_Sshown in Tabl8 to be about twice the detection limit of
around 0.2 wt%, is not negligible. Indeecygen seems associated with thdphase All strong
oxygensignals are foundt surface effects, e.g. cracks, pits, and scratchbs.composition analyses
of the U Unterfaces of both FT54_S and FT51_T2 showed a small composition gratieptrbinto
the Uphase followed by a flattening of the profile intioe bulk of the phase, with a spread d.%

at% Te. This gradiemay have two explanationgither it is a result of iron diffusion during
precipitation of the observed striped microstructure, or the sample never reached thermodynamic
equilibrium. The nomalized average of the flat portion of the profile was used as the phase
boundary of theUphase, with large accepted error, and they weather consistent with the tie

lines by Ipseet al.[19].

Thediffraction patterns of these samples showed highidés of noise, peak broadening and decaying
peak intensity due to absorption by T&eefigures S1 and S2, Supplementary materialRietveld
refinement couldmatchmost reflectionswith the Uand Uphases with rather low accuray due to

the broadeningseeTable4 for the result3. The a parameter of thaJphase is consistent with
literature [12], while the ¢ parameter deviate$he space group ofwas deduced from theietveld
refinement of sample FT55_X, as will be detailed beBmadening was not completely accounted
forin FT54_S, since crystal size would not converge well given the tricky distribution of data points in
the pattern. Additionallow-angle peaks were founat 22.6 tand 24.9% exclusivey present in all
machinemilled samplesThey seem to be a convolution of both discrete and broad pédies.
structure that best matches the additional peakqi& 1. 6 Af space group2vt 1 J1 (Figure S2);

the sample wagrobablyoxidized during millingOne small peak &7.5 ‘remains unmatched.

Sample FT54_S had one abnormally intense peak associated wi(@@fgreflection of theUphase.

4.1.3. Sample of 55 at% Te
Sample FT55, ¥f a compositiorin the UE Uregionclose to thetentative Uphaseboundary,was
treated isothermdly at575 1%or 4 weeksin order todeduceif the sample contains hexagonélor
monoclinic Uphase This samplevas more efficientlyjuenched by breaking ¢hampoule on
retrieval

WDS analysis of the sampl@as inconclusive duto bad focus resultingy a very low sum of wt%s
seen inTable3 this gave a standard deviation of 5 at% Tiee tieline, as shown ifrigure2, can
therefore not be trusted Such a shape of the phase diagram could be explafrikd invariant of U
phase formatiorwere in factthe eutectoid U\ U E Utransition; however, Ipser et al found thg
phase to be stable below this temperature.

The XRD analysis showed modilyhase, and a possible trace amountdphase, as also seen in the
LOM image bFigure9. A possible monoclinic modification of the hexagonal NiAs type structure is
the % Space group, and an initial refinement found that an ordered superstructure ofthd

space group can also fit the pattern. The latter unit cell was relaieeBDFT, as further detailed in the
modellingPart Il resulting in more realistic atomic positions. This structure was further refined via
rietveld analysis, and compared with tlé &d 2x; 117? space groups as shownhkigure Al
(Appendix) spacegroup 2& | sfit identically well as2x; 11?2, and isthereforeleft out. While % ?
and 2x; 11?2 can equally well fit the same peak&§ | accounts for additionally two otherwise
unmatched peaks, one of which is the one at 2¥atso found in F91_T2 and FT54_S. As seen in
Table4, the weighted profile Ractors (45 5) show that although the space groups fit the pattern
almost equally well% | gives the better fit. Note that the high noise, and the large unmatched
peaks makes the Rwp lesseful than a simple qualitative comparison. The final crystallographic data
on the Uphase of sample FT55_X are detailedlable A1Appendiy.



4.1.4. Samples od7to 25at% Te

FT25_ThndFT25_ Tavere prepared in thed ( AE Uregion. As seen iRigure6 and Figurel0, the
analyzed samples showed cores of pure iron with tHifghase layers. With the assumed limited
diffusion of Te though Fe, the sampldsave not reached uniform compositipand are therefore not
at equilibrium Althoughthe Uphase ha not reached an equilibrium iron content, the sample may
be treated as a diffusion couple for the determination of Te solubilityiAThe last poinsin the

U ( Aphaseof the composition profilesefore the U ( AE Uinterfacewere rather consistent over
severalline scans, and taken as thelubility limit, consistent with théie-line published bypseret al
(Figure2).

In addition to these samples, FT47_S1 and FT47_S2 were preparedUp thev-phase region
Retaining someJphase was attempted, even though failure was expectediging by th&€DS
analysis FT47_S1 had a uniform composifidrese samples also contained sheet crystals of um size,
similarlyto the Uphases which is expected from PbO structure chalcogen[dé$ SEM and LOM
images revealed layered growth in the entire sample shown irfrigure7. Both samples showed
parallel cracks in the metallographic analygesbably aligned with the 2D crystal planes since the
ordered Uphase should have weak bonds betweahe TeTe layerdackinginterstitial iron.
Metallography of FT47_S2 showed a similar appearance and uniform compo&gieaen ifrigure
S13 (Supplementary materialRD analysis 6iT47_S8howed complete decomposition into theg
phase, as expectedhe lattice parameters deduced from rietveld refinemenalfle4) correspond
well with available literatur¢12].



Table2: A prioriproperties of isothermally heat treated Fe samples*: Rounding &or in prepareccompositionare all
<0.007 ato Te.

Prepared composition Heat treatment
Sample ID at% Te wt% Te Mass[mg] TK Time[h] Expected phase(s)
FT77_T 76.83 88.34 1093 866 672 6ELiq
FT65_T 65.33 81.15 1125 866 672 UE6
FT58_S1 58.37 76.21 1167 954 331 U]
FT58_S2 58.41 76.24 1118 1043 330 U]
FT55 X 55.13 73.74 1588 848 672 UEU
FT54_S 54.09 72.92 928 954 331 0]
FT51 T 50.99 70.39 865 1142 336 (U ELiq
FT51_T2| 51.01 70.41 888 1043 330 UEU
FT47_S1 47.05 67.00 1083 1142 336 g
FT47_S2 47.12 67.06 1047 1142 168 U
FT25 T1| 2558 43.99 918 954 331 UAEU
FT25_T2 24.80 42.97 911 1043 330 U( AEU

Table3: Condensed results of WDS composition analysis fiinéieletermination *: Sample machine milled and partially
oxidized probably intoFeO, and FgOsTe

WDS wt% oxyger Phases found

Sample ID  Region  Boundary: composition [at% T¢ mean max  mean sumwt'% by XRD
FT77_T O0E.EM  (68.30.3 NI 0 0.24 100.44 OE 6 Atrace U
FT65_T UE®o (7 63.3:0.5 6 66.8:0.3 0.04 0.28 99.79 Not analyzed
FT55 X UE (e U 49.435 059.885 0.2 0.44 93.82 Utrace ¥
FT54_S UEU U 48.530.5 0U57.6:0.7 | 0.41 1.52 101.27 UEU

FT51 T2 UEU U 48.4:0.5 (55.2:0.5 0.22 1.11 101.3 UEU WU
FT25_ T1| WAEU U (A0.3:0.05 > N/E' 0.22 1.43 102.04 Not analyzed
FT25_T2| WAEU  ((A0.7:0.4 = N/E 0.10 1 102.85 Not analyzed

Table4: Results of powder pattern refinement selected samplesvith optimized lattice parameteiand weighted profile
Rfactor (Rwp) Uangleswere fixed since the parameter does not converge with the given quality of measurement

Sample ID,
target Space group a[A] b [A] c[A] Ul  4ea%
FT47 S2Cu  2v JIl & | 3.821+2E4 - 6.266+2E4 - 48.8
FT51_T2Co 2v JIl & 3.84 t6E4 - 6.33£0.002 - 40.1
% | &s 6.70+0.005 4.1016E4 10.94+0.006  90.65
2vg 1J1 4.66+0.001 - 9.39+0.004
FT54 sSCo 2v JIl & 3.82+0.002 - 6.45 £0.005 - 92.1
% | &s 6.70 £0.003 4.08 +8e4 10.94+0.006  90.65
2vg 131 | 4.67+7E4 - 9.39+0.006
FT55_XCo % | &s 6.70+£0.007 3.8 £0.005 11.23+0.005 90.65 | 42.3
% a&s 3.876t4E4 6.648+6E4 5.585+2E6 90.2 44.4
2x7 11? 3.851+0.001 - 5.6083 £0.003 - 44.5
2vg 1J1 4.65 +£0.001 9.36 £0.006

! The sum includes Fe, Te, Siand O

%The dendritic region, was not analyzed in FT77_T.

3Average composition of twphase microstructure that used to bephase
*Not in equilibrium.
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Figure2: Calculated F@e phase diagrarfrom Part It Thermodynamic modellingompared with tigines from isothermal
heat treatments, phase boundaries from D@Ad selected published data

System Vacuum = 9.200-006 mbar | Probe= 800 pA
Vacuum Mode = High Vacuum EHT =1500 &V

Signal A = BSD Date :18 Dec 2015
Mag- 142KX
Chamber = 9.202-004 Pa WwD= 15mm

File Name = FT544_desert.tif

Figure3: BSE image of the stripeucrostructure in
sample FT54_8nage showstripes of varying direction
in different grainsaround a pore

P12

Systom Vacuum = 3.020-006 mbarl Probe = 700pA  Signal.
Vacuum Mode = High Vacuum  EHT = 20.00 kV Mag
WD= 15mm

Chamber = 3.02¢-004 Pa

A=BSD Date :22 Jan 2016
= 208KX
File Name = FT51_T2_BSD._ stripes2.Uf

Figure4: BSE image of boundary betwetkdark gray)
and light gray)phases in sample FT51_TRerethe
stripe precipitateseem to emanate fro the phase

boundary.



System Vacuum = 1.27€-005 mbar! Frobe =
Vacuum Mode = High Vacuum  EHT =20.00 kV
Chamber = 1.27¢-003 Pa wD= 15mm

Signai A = BSD Date :29 Feb 2016
Mag- 81X
File Name = FT77_T1_02.tif

Figure5: BSE image @fcorner ofsampleFT77_T 6
phase has been in equilibrium with liquid, which has on
cooling solidified intoddendrites and tellurium.

10um System Vacuum =7.27¢-006 mbar | Probe= 500pA  Signal A= BSD Date :14 Jan 2016
L | Vacuum Mode = High Vacuum EHT = 1500 kV Mag= 901X
Chamber = 7.27¢-004 Pa WD= 15mm File Name = FT25_line210.tf

Figure6: BSE imagef FT25_TImagnified onthe
boundary betweerthe iron coreand the surrounding
scale of Uphase.

/acuum = 2.766-006 mbarl Probe = 700 pA  Signai A= SET
Vacuum Mode = High Vacuum ~ EHT =2000kV e
| Chamber = 2.76¢-004 Pa WD= 16.mm

Date :21 Jan 2016
9= 55X
File Name = FT47_S1_#2_cyrstals.tif

Figure7: SEM image taken between precipitatas
sampleFT47_S1, showing the layers of thphase.

Figure8: LOMimage ofsampleFT65_TThe dphase has
precipitated between bands dfphase with significant
porosity and intergranular cracking

Figure9: LOM image of FT55_X. Bright regions e
Uphase, small gray precipitateSphase.

System Vacuum = 2.70¢-006 mbar.
Vacuum Mode = High Vacuum  EHT
| Chamber = 2.700-004 Pa wo

A i:.gnam =SE1 Date :22 Jan 2016

g- 20X
File Name = FT25_T32.tif

Figurel0: SEM image cfampleFT25_T2Apieceof iron
wire is surrounded byUphase, and a separate piece
entirely consistof Uphase.



4.2. Phase transibn data from DTA
Thermogram=f FeTealloys, normalized ttinear baseling, are presented irFigurell
superimposed over thealculatedphase diagram. The baselines aasitionedroughlyat the
corresponding sample compositions, and red markers indicate where the onset of reaction (seviatio
from baseline) or end of reaction (locabximum of heat curve) wergampled All invariant
reactions are consistently found a few degrees lower than previous DTA studies. This could be due to
changing standards of sampling; earlier it was common tahesextrapolated onset of reaction, as
is done for pure elements, while presently it is accepted to sample the first deviation from the
baseline as the onset of reacti¢d9], as was done in this work.

Table5 shows the observed reactions from the DTA meaments.Allmeasurementshow good
agreement with the phase diagram proposed by Ipstedl. (Figurela), indicating that the sample
compositions were succestly prepared. Chemical analggound no silicowlissolved in the
samplesthe resultshowever ovepredicted the composibn by 1.564.37 at% Tevith arelative

error of 3 %. Those compositions are highly improbatilee the very clear thermal effects would

not have been observeifithe chemical analysdsad beenaccurate indicating a pssible

contaminant or anomaly during thanalyses. If this contaminamtere oxygen, either from remaining
oxide of the pure materials or reaction with the silica ampoules, the good agreement with previous
experiments indicate that it does not significandffset thereaction temperatures from théinary
phase diagram boundaries.

While Ipsefet al.did not find the iron rich liquidus, this work raised the studied temperature of
sampleFT47_Dthus asmallbut clear local maximurwas observedbefore returning to the baseline,
i.e.the liquidus(for a magnification, SeleigureSH4 in Sipplementary materigl Thermal effecton
heatingA & (}uv }ve]es v3 A]S3@eriettoiti[fa¥mation solvusand peritectic melting
The solidugould not beclearlydetermined, since theliffuseonset of melting was difficult to
guantify (labeled too weak ifTable5). This experimentandall subsequenbnes,showedperiodic
oscillations in the TG and heat curvefectivelyhiding any small thermal effect in therrgoans of
cyclesat 1 K/min. Modification ofthe setup to use tap water to cool the furnace mitigd the issue.
This change of setup was not found detrimental to the calibration.

FT51_D experienced several weak steps and bumps in the baseline on hedttwphng, one of
which was consistent with theuggested(} Eu S]}v }( §Z[19]. WiZoughlylambdashaped
peak was clear in FT54. Ohiba believed that this peak, found in FeTe and fzgveas an anomaly
related to the strange shape of thephase solvus (Peak B[i#]). Chiba related the peak in FeTg
to this anomaly, but it was actually the solvus liteZ JvA E] v8 EE ¢3¢ }( V %Z * Vv
decomposition were not separated on heatiimgFT51_Dalthoughafter several runpeak

separation was observed on coolinfhey separatethconsistenly between cyclesand therefore

the additional peaksould be irreversible artifactheFT54_Dneasurements weralso focused on
(Jv JvP 8Z w[ 8} w 3E v+]3]}v A]3FH6SDwas prepared at tde hypaotBesized
eutectoid composition of said reaction, but the baseline was completely flat in the rdgiwas
however, noted that all samples at lower compositions than the predicté@& 6\ Ueutectoid
showed a second onset the peak assignetb the just mentioned reaction.

Returning to the analysis ofactions above and below thephase customized silica ampoules were
created tofit directly to the DTA thermocouplas order to obtain anore highly resolved signaand
FT54 D2 wathudly analyzedFigurel2 shows the slowest cycle of heating and cooling, normalized
to linear baselines. It can be seerFigurel?that the final local maximum on heating, and the first
onset of reaction on cooling, i.e. the liquidus, aode well. Subsequent reactions on cooling,

~O



however, do not coincide, thus indicating supercooling; all DTA samples exhibited this, at least to
some extentThe second onset is very clearly seen peak (1)as well as théeatof Uphase
formation, peak(2); the highertemperature peaks were now separated into the decompositiorUof
and Uphases on heatin(Figure13). The apparatuswvas not yetcalibrated forthese crucibles, sim
order to identify theseparatedpeaks, the heating spectrum wasrmalized between four well
knownreactionsin the phase diagranonset (1) inFigure12 was fixed to the knowrnlJE 6\ U’
invariant onset (2) was fixed to th&) E U\ Unvariant; onset (3) iffigurel3was fixed to the

UE U\ Uteutectoid reaction; and local maximum (7) was fixed to the liquidus.rithisalization

was sufficient to give an approximate linear correlation between measured and real temperasure.
a result, peak6) lined up approximatelywith the invariant "' E U\ ., and peak (5) aligned with our
other measurements of thdJ\ U1 E Unvariant. The respective magnitudes of peak (5) and (6) also
support this finding. This leave#fset (4) unassigned to any presently known reaction; while it is
small, it is clearly mceded by a short tarval at baseline level, theturninginto a linear slope that
may be extrapolated towards the local maximum of the liquidus (see dashedFigwel3). This

looks characteristic of going from a singlease region, through a serie§two-phase regions

divided by two invariant arrests, before eventually completely meltiffgsmay suggesthat the U
phase is not stoichiometric, but has a narrow homogeneity rangettzatdhis sample happen®

pass through a singlghase region beveen peak (3) and (4), after which one briefly passes through
a UE Uwo-phase region befordJdecomposes at peak (5notherpossibleexplanation is that the
Uphase somehovextendsto be stableabove the Uphase. This is not probableowever since a

rather hightemperature Uphase solvus was found in FT58CDe should notdow weak the U
formation peak (2) is, whichlso supports the possibility thétte Uphaseis similar to the Uphase.

FT58_D, FT61_D, FT63_D and FT64_D were consgigtetite liquidus, solidus and peritectic
invariansfound by Ipseetal. [19]. dZ E]PZ3u}*3 *}oApes }( &uAdiwFBZ Dand « (}
FT64_D, while the onset was very weak in FT6an®thereforeignored. Tlesedataagree more

with the tie-line deermined by Ipseet al.and the tieline of sampld=T65_Than the phas

boundary determined by Chilja4].



Table5: Thermal effects of the Fee system founth this workvia DTAReference composition only shown when different
from that of this work; irrelevant for invariant reactiorts. Two invariant reactions very close together, peaks not separated.

**: Maximum rounding error in prepared composition.

Measurel Ref. T [K] Typeof Phasedransformation
Sample ID  at% Te&* T+1 [K] (at% Te]19] reaction oncooling
FT47 D 47.6%0.07 1345 N/A Liquidus .\ UF (A
1191 1187 Peritectic UF (AE.\ U
1092 1093 (47.6) Solvus Ui\ U
1071 1073 Eutectoid U\ UEU
FT51 D 51.64:0.10 1165 1161 (51.65) Liquidus AU
1081 1082 Peritectoid* JEU\ O
1072 1073 Eutectoid U\ UEUO
910 909 Eutectoid O\ UEU
797 N/A Eutectoid U\ UEU
790 792 Eutectoid U\ UE®6
FT54 D 54.830.10 1089 1090 (54.90) Liquidus AU
1078 1082 Peritectoid UJEU\ O
909 909 Eutectoid U\ UEU
795 N/A Eutectoid U\ UEU
789 792 Eutectoid U\ UE®6
FT58 D 58.84:0.06 1075 1075 (59.05) Liquidus .\ U
1037 Not comparable  Solidus .\ U
787 792 Eutectoid U\ UE®6
FT61 D 60.8%0.08 1062 1061 (61.25) Liquidus .\ U
1037 1039 Peritectic UE.\ U
1020 1020 (61.25) Solidus AU
787 792 Eutectoid U\ UE®6
FT63 D 63.250.14 1047 1052 (62.45) Liquidus AU
1038 1039 Peritectic UE.\ U
996 994 (62.45) Solidus AR
856 N/A Solvus 0\ 6
790 792 Eutectoid U\ UE®6
FT64 D 64.280.07 1033 1038 (64.50) Liquidus AU
961 N/A Solidus Ao
886 N/A Solvus U\ 6
789 792 Eutectoid U\ UE®6
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Figurell: Calculated F&e phase diagram with superimposed thermograms from theli2@fing cyclesHat baseline
mark sample composition®Red marks shothe average sampled temperature of reactions.
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Figurel2: Thermogram othe slowesheating andcoolingcycleof FT54_D2, normalized tdiaear baselineThe iquidus
alignswell while solidus and solid state reactions are supercodlete the clear second onggtreaction on peak
numbered (1jhat may pertain to theU'\ UE Ureaction. Peak (2)ddieved to belong to théphase isveak butclear.



Figurel3: Magnification of the last group of heat signals during heating of FT54_D2 at 2 Kashed blue line is to aid
heat curve interpretationProbable reactiong3) UE U\ U (4) Unknown. 50\ U'EU@®G) U'EU\ ..(7)U'E. \ ..

5. Conclusion

Tielines of the FeTe phase diagram have been determined by EDS and WBstiraments on
isothermally heatreated samples. Phase boundaries have beeantjied from DTAneasurements
Rietveld refinement of XR@bwder patternscorroborated withDFT calculation$@rt II:
Thermodynamic Modellindggad us to propose a nespace group% | of the Uphase

With these new DTA and tHiine data, this work has contributed tanamproved characterization of
the phase boundaries of the He system. We lowered most invariant arrests by a few degrees,
found a point on the Feich liquidus, found the probable eutectoid reaction between thend U’
phases to lie very close to the eutectoldiformation temperature, as well as addirgand 6phase
boundaries. We showed indications that thgphase may have a narrow homogeneity range, and
metallographic studies note that thé€phase may have aystal structure related to theJphase. If

the striped microstructures found in our samples do relate to thghase, the phase seentrs form
eitherin cooperative growth with theUphase, or out of a parentibhase. Regardless of the nature

of the Uphase, the related invariant arrests certainly exist. We highlight some key points for future
studies of the system

1) The phase boundaries of thé'phasewere approximated from DTA measuremerats
invariant arrest§19], whileless accuratsolubility dat estimatedfrom XRD [13$uggest a
congruent transition. Weecommend for future studies to confirm the fieh phase
boundaries of theU'and Uphases with rigorous sample preparation ensuring equilibrium
addition, we recommend performinig-situ hightemperature XRD to confirm if the&/phase
isindeedthe same crystal structure as the terngiljase ( A5 0 B 6A:5 5 as has been
proposedin this work

2) It would be useful to furtheverify that the space group of theJphase is% | using better,
high-energy diffraction methods, dor example Raman spectroscopy or EBSD.

3) The Uphase seemt be related to theNiAs (J gructure family: It could be useful to uséb
initio methodsto suggest a stablerystalstructure.In addition, darge number of samples



for isothermal heat treatmentanbe prepared in order to metallographically analyze the
striped microstructure furthere.g. via EBSD

4) Futhermore, it would be useful to the modeling to desigxperimentgto identify the
presenceof a liquid miscibility gap in the FeeTe composition intervarhismight prove
challenging, since samples need to be contained in vesselsdhatithstand the reactive
tellurium as well as up t&0-100kPaof vapor pressure.

The data gathered in thigaper will be used in our subsequent publicatiart 1l: Thermodynamic
modeling for a critical thermodynamic assessment of the system.
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Appendix

Figure A1: Comparison oétveld refinement of space groups C2/m, Cc and P63/mmc on the XRD powder pattern of FT55_X

Table Al: Fractional atomic coordinates(dfhase of space groups | &>sderived from rietveld refinementf sample
FT55_>and structure relaxation with DFT computatioRaut I1: Thermodynamic Modelling: Could not be refined with
the given XRD pattern. Calculateddorrespond to approximately 8% Te

Lattice parameters [A]

a 6.7

b 3.856

o 11.228

U 90.651

Fractional atomic coordinates

atom X y z B Occupation Wyckoff Symmetry
Fel 0.00517 0 0.23777 2 1 4i m
Fe2 0 0 0 2 0.9* 2a 2/m
Tel 0.34112 0 0.36366 1 1 4i m
Te2 0.33025 0 0.87855 1 1 4i m




