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Hep-Irgs€05.45 and heplrgsO% 50 alloys were synthesised by thermal
decomposition of single-source precursors in hyenogtmosphere. Both alloys
correspond to a miscibility gap in the-®s binary phase diagram and therefore
are metastable at ambient conditions. iArsitu powder X-ray diffraction has
been used for a monitoring a formation @tplrys:0545 alloy from
(NH4),[Ir05:0%.4Clg] precursor. A crystalline intermediate compoundd an
nanodimentional metallic particles with a large @amtration of defects has been
found as key intermediates in the thermal decontipasprocess in hydrogen
flow. High-temperature stability of titlechcp-structured alloys has been
investigated upon compression up to 11 GPa usmgla-anvil press and up to
80 GPa using laser-heated diamond-anvil cells taiola phase separation into
fccthep mixture. Compressibility curves at room temperatas well as thermal
expansion at ambient pressure and under compresgioto 80 GPa were
collected to obtain thermal expansion coefficieatsd bulk moduli. hcp-
Iros:0S9.45 alloy shows bulk moduli 395 GPa. Thermal expansion
coefficients were estimated as= 1.6-10 K* at ambient pressure and=
0.3-10° K™ at 80 GPa. Obtained high-pressure high-temperdtataeallowed us
to construct the first model for pressure-depentter®s phase diagram.

Keywords:. high-pressure, high-temperature, alloys, iridium, osmium



and extremely high melting points and densitiese da high mechanical
stability and chemical inertness, the PGMs and thiays are widely exploited
as constructional materials in the applicationsoimvng extreme conditions
including high temperatures (HT), high pressureB)(bk chemical corrosion.

High-pressure phase stabilities and compressdslitof the pure PGMs
were investigated up to 70-75 GPa for Rh, Ru, & Bd and up to 550 and 770
GPa for Pt and Os, respectively [1-3]. For all PGéisept Ir no structural
transformations were reported. Cerenatisal. [4] observed a formation of 14-
layered superstructure in Ir above ~ 59 GPa, whiels later questioned by
theoretical calculations [5].

Up to now, only few PGM-based alloys such lagp-irgsQReyz0 hep
Rhy s)Re&y 50 andhep-r,Os (X = 0.20, 0.40, 0.55) were experimentally studied at
high-pressure high-temperature. Each investigatedry system contains one
component with hexagonal closed packech structure (Ir or Rh) and another
one with face centred cubiéc€) structure (Re or Os). Since the components
exhibit limited solubility in each other, the caponding phase diagrams
contain two solid solubility regions based lmep-/fcc-structure and a miscibility
gap in between. It is however possible to syntleesietastable solid solutions
with compositions corresponding to a miscibilitypgeegion using thermal

decomposition of the single-phase bimetallic preors [6-8].



To experimentally prove the tendendyp-ro/Re 3z and fcc-Rhy sRe 5 alloys
were investigate@x situunder moderate pressures and temperatures (1-2 GPa
and 2500 K) [6-8]. High experimental errors and kmassure response did not
allow us to prove pressure dependence of phasiitgtabsystems investigated.

Ir—Os system has been chosen due to its significamdbd genesis of the
natural IFOs—Ru and other PGM-based metallic minerals, whichwsho
complex nature and non-equilibrium character at ianib conditions.
Nevertheless, only natural multi-component samplerse investigated so far to
clarify a situation with a mineral formation undagh-pressure from the poly-
component melt in Earth mantle [9-11]. Detailed estigation of synthetic
samples with prespecified composition under highgerature high-pressure up
to their melting point may allow us to understardails of minerals formation
and occurrence.

Recently high-pressure behaviour leépIr,Os,, (x = 0.20, 0.40, 0.55)
alloys was studied up to 20-30 GPa at room tempexdl 2]. It has been shown
that, the composition dependence of bulk modgliof an alloy with molar

fracture of Ir,x,, can be expressed by the following equation:

Bo(x) = Bos (1),
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Powder X-ray diffraction (PXRD) offcclrgsfOs.20 recorded under
compression at room temperature of the alloy upOt&Pa reveals a kink in the
compressibility curve above 20-25 GPa. The natdireuoh change is unclear,
but it might be associated with an isostructurat&bnic topological transition,
which occurs in pure Os [13]. However, compresijband phase stability of
various PGM-based alloys may allow us in the futtorgorove presumptions
about electronic states of pure metals and thdaysl Experimental data
collected at higher pressure and more detailed ystofl specialities in
compressibility curves should clarify the nature tojpological electronic
transition in metals under high pressure.

To support our previous investigations of room-temagure
compressibility for k-Os binary alloys and give experimental informatama
high-pressure high-temperature stabilityhafo-structured KOs binary alloys,
in the present study we report thermal expansidrayieur of I 605 .45 and
Iro.5d00%.50With hcp-structures at pressures up to 80 GPa and tempesaip to
3000 K. A formation of metastablécplros{0O%.45 from a single-source
bimetallic precursor (NE,[Ir5:0%.45Clg] upon heating in hydrogen atmosphere

has been investigated usimgsitu powder X-ray diffraction.

2. Experimental details



[14, 15]. (NH)[Ir«Os«Clg] were crystallized after adding an excess of sddalr
at room temperature NBI| water solution to a mixture of concentrated wate
solutions of K[OsCk] and (NH,),[IrClg]. Both IrOs,.« samples were prepared
by a thermal decomposition of (NHIrOs,,Clg] in 10-vol.%-H/90-vol.%-N,
stream during 0.5 h at 873 K and further 10 h cwplio room temperature.
Further details on synthesis and analytical chareettion of 150s,, (x = 0.50,
0.55) alloy samples are given in our previous p§p2}.

Thermal gravimetric (TG) curves were measured amndaos in corundum
crucibles using a Stanton Redcroft TG-DSC (7-10 Bdg/min, from room
temperature to 1000 K) under 5 vol.%/N, flow (20 ml/min).

Thermal decomposition of (NH[Iro560%.4Cle¢] has been investigatad
situ using powder X-ray diffraction set-up on the Swh&srwegian Beam Lines
(BMO1A), ESRF. Sample, in a powder form, was plaiced.5 mm fused quartz
mark tube (Hilgenberg GmbH, Germany). Tube was eotad to a 2 vol.%
H,/He flow (0.1-0.5 ml/min), and heated with a hot atream from room
temperature to 1000 K with a ramp rate of 10 K/miemperature has been
calibrated using thermal expansion of the cell petars for silver powder as an
external standard. The wavelength ¥ 0.68894 A) and sample-to-detector
distance have been calibrated using apBwder (NIST SRM 660c) as an

external standard. Data have been collected ew®esy(dpproximately every 3 K



[16]. Temperature dependent PXRD patterns werdegolcand analysed using
Powder3D software [17]. Phase composition has beeified using the PDF
database [18]. For data analysis, high-tempera®BX¥BD data upon heating
have been divided into 3 intervals (Figure 1b):okel500-550 K (pure
(NHy),[Ir 95505 .4Clg] precursor); 500-750 K ((Nbb[Iro540%.4Cl¢] precursor,
crystalline intermediate phases, ahdp-structured alloy); above 700-750 K
(pure hcp-lrps605.45). Detailed crystal structure of the intermediatage has
not been obtained. Nevertheless, intermediate skddfactions patterns similar
to cubic (NH),[Iros:0%.4Clg] precursor with slightly bigger cell parameters.
Selected PXRD patterns are summarized in FigurePacametric sequential
refinements were performed using TOPAS softwarg. [R&bfile parameters for
the Lorentzian function, cell parameters, and phiaetions were refined
simultaneously for all phases using Rietveld refirat procedure.
High-pressure high-temperature behaviour hadpIr,Os,, alloys was
studied using synchrotron-based powder X-ray diffoa in diamond anvil cells
(DACs) as well as in multi-anvil apparatus. BX9(@e¢yDACs [20] equipped
with brilliant-cut diamond anvils (120 or 250m culet sizes) were used for
pressure generation. A sample was loaded in adrdled in the pre-indented
rhenium gasket. Pressure was determined usingiequait state of gold [21]

placed in the pressure chamber as small piece & @fi 5 um diameter and



system installed in Bayerisches Geoinstitut [22].

High-pressure PXRD data fticp-Iry 5400550 Wwere collected up to 10 GPa
at room temperature at the IDO9A beam-line, ESRFE 0.4145 A, MAR 555
flat panel detector, beam size 15(v)x10gn)’). The diffraction images were
recorded under continuous-rotation of the DAC from -3 to +3with the
acquisition time of 1 s. Compressed sample wasbagh to 2300 K using the
external double-sided laser heating system [23}kirdguthe heating, pressure
increased up to 26.5 GPa, which was taken as bpiieasure of the experiment.
Room temperature PXRD data of the quenched samete wollected in the
same manner as was described above.

High-pressure PXRD data fticp-Irg 5:0% 45 were collected up to 80 GPa
at the 13-IDD beam-line at the APS £ 0.3100 A, CCD MAR 165 detector,
beam size 2(v)x3.5(h) pAn Diffraction images were collected without DAC
rotation with the exposure time of 5 s. The sangompressed to 80 GPa was
laser-heated from both sides using a pair of 1(064Yb fiber lasers (beam size
3x3 um?) [24]. Two heating cycles were performed, in thacte cycle the
temperature was gradually increased up to 3000 &K taan the sample was
guenched; the diffraction images were measuredurcerdly.

Large-volume press data fbcp-Iry s£05 .45 were recorded at the beam-line

IDO6-LVP, ESRF, using a linear pixelated GOS detectunning sequential



distance. The detector-beam normal plane was mastiigncorrected for tilt
and rotation and the detector position for zergeiffand calibrated against
SRM660a, at monochromatic wavelengths of 0.2296sdlected from the
emission of a U18 undulator (6.1-6.2 mm gap) byirelCSi(111) double-crystal
monochromator. Data for refinement were collectsshg a Tl:Nal scintillator
counter, with a 0.2 mm pinhole and receiving sétsintermediate distance,
which acted as collimators of background scattemagning from the cell
assembly. The effective radius of the pseudo-aadietector arm is 1350 mm.
Collimated beam sizes were 0.5 mm horizontal bym, or the vertical anvil
gap, if smaller. Thécp-rys:05 45 alloy sample was finely ground withheBN
powder (1.1 volume ratio) in a agate mortar anddéwoh into a h-BN
(Goodfellow) capsule, before being included inte #0/4 windowed Cr:MgO
assembly. Pressure was generated using the 2000MAWO press in 6/8(x32)
mode with carbide anvils [25]. Pressures were edéth using the equation of
state of h-BN [26, 27], temperatures were estimatgdg the equation of state
of MgO [28, 29]. Sample has been compressed ug.® GPa and heated up to
3100 K under a constant pressure. Compressibihiating, cooling and
decompression curves were collected.

For data analysis, two-dimensional images werd firtegrated to one-

dimensional intensities as a function of diffrantiangle using the FIT2D



refinement implemented in JANA2006 software [31pn@pressibility curves

were fitted using EoS-Fit 5.2 software [32].

3. Results
3.1. Thermal decomposition of (NH4),[1r0550505Clg] precur sor

Thermal decomposition of (Nf[Ir0560%.4Cle] salt has been investigated
in hydrogen atmosphere by TG (Figure 1a) and moedtm situ using PXRD.
Temperature depended PXRD profiles are summarizgéigures 1b and 1c.
Upon heating, (NB)[Iros605.4Clg] precursor does not show any phase
transitions below decomposition temperature (500 EEmperature expansion
of cell parameters in the form(T) = ay, + ;T was fitted using following

exponential approximation:
a(T) = agexp [ f;; a'(T)dT] (2)

where ay is cell parameter at reference temperatufg 5 293 K) [33].
Corresponding parameters for (NHlros£0%.45Cl¢] were fitted asy = 9.8838(3)

A (To= 293 K);ap = 5.4(1)- 10 K™* ando; = 1(1)-10° K (Figure 1a, insert).

According to TG, thermal decomposition starts & BOwith a small mass

loss (1-2 mass. %). Further fast decomposition thiéhmain mass loss occurs in



crystalline intermediate phase. Complete decomipaosivith a formation of
single-phasdncp-structured alloy occurs below 650 K. Phase fragtiobtained
from Rietveld refinement for all phases detectedinduthe decomposition
temperature range of (NM[Iros60%.4Cl¢] are shown in Figure 1d. Upon
heating, three overlapped steps were detectedmijltaneous formation of
intermediate and metallic phases; ii) further degosition of precursor and

intermediate; iii) growth and annealing of metaparticles.

The diffraction patterns of the metallic phase beBO0 K (on heating)
show diffuse, broad lines, where intensity and gmsican be only roughly
estimated using a Rietveld approach. In these caksas possible that the
metallic phases are more aptly described as amosgphanoclusters rather than
true nanocrystals. As a result, conventional Ridtvefinements, using only
Bragg’s law and isotropic Scherrer broadening eésfefail to give reasonable
estimations for cell parameters and crystalliteesibelow 600 K, and thermal
expansion for the metallic alloys cannot be describccurately below 600 K

upon heating.

The thermal decomposition of the (NHIro5£0%.45Clg] precursor leads to
the formation of a metastabhep-Iry 5505 45 phase, which cannot be explained

by the presence of any intermediate metallic phasasnaller crystal size likely



structured gold nanocrystals [34]. As has been shiavour previous work [12],
further annealing of thécplrys:0% .45 results in the decomposition the alloy

ontohcptfcc mixture after several days.

3.2. Thermal expansion of hcp-Irs50545 alloy at ambient pressure.

Figure 2 shows the dependence of the atomic voluometemperature for
hcp-lros:05.45 alloy collected on heating from 750 to 1000 K ard cooling
from 1000 K to 400 K. Thermal expansion curves imlgich on heating and

cooling runs demonstrate fair agreement between ether.

Corresponding volumetric thermal expansion coedfits referring to
heating and cooling were fitted following analyticdependence of atomic
volume on the temperature [33]. Volumetric therewgbansion coefficient in the

forma(T) = a, + @, T was obtained by fitting the corresponding dataset

V(T)  V(Ty) T
=" exp | a(T)dT| (3)

whereV(Ty)/Z is atomic volume at reference temperature (293TKg resulting
calculated values fon, anda; together with thermal expansion coefficients at
273 K for hcplrgs:0%45 alloy and reference data for pure Ir and Os are
summarized in Table 1. The volumetric thermal exsjpamn coefficients fohcp

Iro.560%.45 alloy are rather close to those for Os and Ir.tTduaresponds well



and P+Ru [38].

3.3. Compressibility of hcp-1105505.45 at room temper ature.

Room temperature compressibility curve fap-Irg 5§05 45 alloy shows no
pressure-induced phase transitions and can bel fitkthg the second-order
Birch-Murnaghan equation of state (BM-E0S) whichludes three parameters
— V), (specific volume at ambient pressui) (bulk modulus), an@, restricted
to 4 (pressure derivative of bulk modulus) (FigByeThe data up to 52 GPa can
be fitted with the same parameters as we previouslorted for the
compression of the same sample up to 32 GPa fd&]r, sO0% 20 investigated
earlier up to 55 GPa shows slight change in thepeessibility curve above and
below 20-25 GPa. On the contrahgp-Irg 5505 .45 does not show any change in
the slope below 52 GPa. Experimental point colikee80 GPa shows slightly
smaller atomic volume in comparison with fitted albielow 52 GPa, which is
nevertheless in the range of experimental erdasvalue also do not show any

specialities characteristic for ETT (Figure 3, nise

3.4. Temperature-induced transformations in hcp-1rgs50S45 and hcp-

IT0500%050 @t high pressure.



temperature up to 10 GPa are shown in Figure 4y @nir experimental points
were collected which are not enough to calculatmble parameters of an
equation of state. Nevertheless, bulk modulus @robghly estimated to be of
~393 GPa using Eqg. (1) and a value of atomic voluhécplrgsO%50 at
ambient conditions (14.058%*%&tom"). The 2¢ order BM E0S calculated with
these parameters agrees well with the experimelata (Figure 4), therefore
one can use it to estimate the atomic volumehop-Irysf OS50 at higher
pressures.

As synthetizedhcplrysfO%s50 Sample shows steady diffraction rings
without visible inhomogeneity and preferential otegion effects (Figure 5).
The room temperature compression reveals no visiibeges in a structure of
diffraction rings. The laser heating at 26.5 GP23600 K results in appearance
of diffuse diffraction spots suggesting the realstation of the sample.
Further analysis of the X-ray powder patterns shtvwessegregation into two-
phase mixturehcpphase Y/Z = 13.21 K- atont', 81 mass.%) anétc-phase
(VIZ = 13.27(2) R-atom', 19 mass.%) (Table 4). Atomic volume of starting
single-phasencp-Iry sfO% .50 alloy (~13.24(2) A-atom' at 26.5 GPa) falls in

between these values.



PXRD patterns ohcp-Irys£05 45 alloy were recorded upon heating at 11.2
GPa in the large-volume multi-anvil press (Figuje Becomposition of the
initial hcplros0%.45 alloy at 11.2 GPa starts at 1600 K when there appe
reflections belonging tofcc-phase. During further temperature increase,
diffraction lines of hcp- and fcc-phases become narrower, which can be
associated with high-temperature recrystallizati@alative fraction of thdcc-
phase increases with heating and reaches 75-80%masS000 K. Annealing at
3100 K does not result in the change of relativasghfractions, which suggests
equilibrium phase segregation under pressure. Fptalse compositions
obtained by Rietveld refinement are given in Tabhle

Pre-compressed to 80 GRep-Iro 5§05 .45 has been laser-heated up to 3000
K. hcplrg 5805 .45 phase is stable up to 2100 K. High-temperaturb-pigssure
data can be used to estimate thermal expansioficteef at 80 GPa which is
much smaller in comparison with ambient pressuhaeva

Phase separation above 2100 K can be detected [ma@mce of new
diffraction lines belonging to thécc-phase (Figure 7). Below 2100 K, the
diffraction rings are continuous and sample shows imhomogeneity or
preferential orientation, above this temperatusrdrappear diffuse spots due to
a recrystallization of bothfcc- and hcpphases. Thermally treated sample

contains only a minor fraction d€c-phase (10 mass.%). Atomic volumes of



the same trend.

4. Discussion

Crystallization of (NH),[Ir,Os.,Clg] salts has been performed from
aqueous solutions of JOsCk] and (NH,),[IrClg]. Phases with nominal
composition (NH),[IrOs,«Clg] can be described as solid solutions where
[OsCk]* and [IrCE]* occupy, on average, a single crystallographic tiposi
The compositions of the starting aqueous solutiaris K,[OsCk] and
(NHy),[IrCl¢] control the composition of the resulting (WHIr,Os,«Clg] solid
phase, which makes crystallisation of (NgHr,Os,Clg] useful for preparation
of Ir,Os, alloys in the whole range of concentrations [¥l.salts are single-

phase and adopt a cubic crystal structure ifFth@ém space group.

Thermal decomposition of pure (NHMClg] (M = Pt, Pd, Ir) in inert
atmosphere (He, Ar and ;Nhas been previously investigated by thermal
analysis, PXRD and XAFS [38-42]. Recently, doublemplex salt
[PA(NHs)4][PtCl¢] has been investigated to support the mechanisforofation
of binary Pd:sPty5 alloys in inert and reductive atmosphere [43, 44lermal
decomposition of (Nb),[IrCl¢] and (NH,),[OsCk] has been investigated in

details using PXRD and TG data [42]. Their TG cusrire inert atmosphere do



decomposition [42]. Nevertheless, recemtsitu study of the (Nk),[OsCk]
thermal decomposition process in hydrogen atmogpliéB] suggests a
formation of an amorphous intermediate {Og¢tletected by fast EXAFS.

Previously, only platinum and palladium coordinatcompounds showed
a formation of crystalline intermediates suchtas[Pt(NH3),Cl,] [44-46].
(NH4)2[Ir 05505 4Clg] salt, when heated above 500-550 K in inert ouctde
atmosphere, decomposes to form a mixture di@mstructured metallic phase
and an intermediate crystalline phase, which cabalsly be associated with the
formation of Ir(lll) polymeric species. Similar IX)/Ir(lll) transformation has
been proposed as a key step in the thermal decdimposf [Pd(NH)4][IrCl g]
[45].

Further ex situ and in-situ XAFS investigations of the thermal
decomposition reactions similar to the study penkx for (NH),[OsCk] [43]
could clarify the decomposition processes of (Nt Os..Cl¢] salts, and shed
light on the interactions between starting compauadd intermediate phases.
Additionally, such a study could give clear infotioa about oxidation state and

coordination of ions within the observed intermégljghase.

Pressure-dependent phase diagrams were constfoctbéeé most elements

of the Periodic Table. However, only few binary @it systems were



dependent melting curves were obtained neithepéoe Ir nor for Os due to
their high melting points [1]. Nevertheless, a pwsi slope of the pressure
dependent melting curve was predicted for purd@i.[It seems that both metals
do not show pressure or temperature induced plrassittons. Nevertheless,
recently, an electronic topological transition (BTih 5-d metals has taken
attention of many experimentalists and theoreteid3, 47-50]. This transition
characteristic fohcp metals can be attributed with peculiaritiex/ia behaviour
under pressure. Pure Os exhibits ETT at ~ 150 Gehws characterized by
anomaly in the unit cell parameter rataaj [47-49]. In the contrary, the same
transition for pure Ir has been predicted to oaunuch lower pressure around

80 GPa [50].

fcelrg sd0% 20 demonstrates a kink on the compressibility curvaraund
20-25 GPa, which might be interpreted as an isotral transition [12]. On the
other hand, room temperature compressioncpHr—Os binary alloys provokes
neither phase transition nor phase separation whale range of pressures
studied. If any ETT exists ihcp Os-rich alloys, it should be similar to pure
osmium and occurs at higher pressure. Ir-fadhalloys, such afccIrg 0% .20

should be similar to pure Ir and even can show EiTower pressures in



The binary I+Os phase diagram has been investigated by several
independent research groups [51-55] and may beidsyedgl as complete and
correct. The system shows peritectic reac{lmuid + hcp = fcc) with a nearly
vertical miscibility gap betweeftc andhcp alloys (Figure 9) [51]. In general,
applying a hydrostatic pressure should shift thecrility gap towards to the
phase with the larger molar volume. In the-@s binary, the pressure should
shift the miscibility gap toward thé&c region sincefcc-alloys have slightly
larger atomic volumes thamcp-structured alloys. Schematically, the effect of

pressure on the-HOs binary phase diagram is demonstrated in Figure 9

According to the phase diagram [Shgp-Iro 5:0% .45 andhcp-Irg s O 50 are
metastable at ambient pressure. If so, two metieshadp-Ir, 5:0% 45 and hcp-
Irosd0% .50 alloys form two figurative points inside the misitity gap of the
phase diagram and can be used to probe pressuemddzre of the phase
stability regions in the #Os binary system. Corresponding phase separation
after high-temperature treatment under variousspires gives an estimation of
phase boundaries in case if final phase compositm/or phase fractions are
known. As an example, explained strategy has beeantly applied for an

investigation of the ReRh binary system at ambient pressure [56].



Os. Nevertheless, direct comparison of Ir and Q@parse to temperature and
pressure can be performed only after experimemastcuction of their £T-
EoS in a broad conditions range. Up to now, ongritial expansion at ambient
pressure and compressibility curves at room tentperavere experimentally
obtained for pure Ir and Os, which builds limitatsofor detailed analysis of

their behaviour under various high-pressure highpirature conditions.

Compositions of two-phase samples obtained aftgn-temperature high-
pressure treatment are summarised in Table 3 auhigally in Figure 8. Phase
compositions of two-phase samples show a clearndigmee of miscibility gap
on the applied pressure. As expected, miscibilap goes not shift much with

pressure antdcp boundary probably reaches 50 at.% Os above 80 GPa.

Incomplete experimental data do not allow us tostroct reliable pressure
dependent #Os binary phase diagram. Theoretical calculationsd a
thermodynamic modelling may help to build completedel of the diagram for
further experimental improvement. The modelling imige based on the mixing
parameters obtained for ambient pressure diagrampiessibility and thermal
expansion curves for pure metals and their alleyaell as on the high-pressure
miscibility data. Approaches for the accurate miglof pressure dependent

alloy phase diagrams are still under early develgnbut undoubtedly only



data in the BM EoS form cannot be directly impleteen into the

thermodynamic modelling of phase diagrams [57]. éttheless, only
compressibility and thermal expansion can be cemed as direct information,
which in general can be obtained with a high acgufar incompressible alloys

with extremely high melting points.

As miscibility gap betweericc and hcp alloys slightly depends on the
temperature, the same tendency can be expectgaessure dependence. Such
finding opens possibility to build a model for pgase dependent phase diagram
for Ir—Os system at least in themlidus part and estimate dependence of the
miscibility gap on the pressure based on experiatditx and T—x particular
sections and projections. Hypothetiz—x projection can be found in the

supplement as an example (Figure S1).

Summary and conclusions

Metastablehcp-r 5:0% 45 and hcp-lrg sf0S 50 alloys prepared from single
source precursors can be successfully used to pbase stability of binary
phases not only under high-temperatures but alderumgh-pressures. As high-

pressure compression of refractory alloys at roamperature does not



specimens. Thermal expansion curves obtained aeaiiressure and 80 GPa
for heplros60%.45 can be successfully fitted with existing exponantiinction
to obtain temperature dependent equation of s@éained values for thermal
expansion coefficients lie between whose for pusnt Os. Thermal expansion
coefficients coupled with compressibility paramstgive us a complete pattern
for high-temperature high-pressure behaviour faliviual alloys and can be
used to model phase stability under extreme canditiHere we present the first
experimental evidence for the pressure dependéitostihe miscibility gap in
refractory alloys phase diagrams. Phase stabibtyndaries in theolidus part
of the phase diagram display clear pressure depeadé&pon the compression
up to 20-25 GPa, stability region lafp-phase is growing, which results the shift
of miscibility gap towards Ir part of the diagrasbove 25 GPa and below 80
GPa, miscibility gap does not show further charfge only limited data under
compression can be obtained, detailed thermodynanudelling should be
performed to construct compld®e-T—x diagram of the ¥Os binary system. A
construction of complete pressure-dependent phaggath for 1+0Os binary
and IOs—Ru ternary systems will help to understand a foionabf PGM

metallic minerals in the Mantle.
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temperature dependence of cubic cell parametgiNidy),[lr 9 560%.4£Cl¢]; solid

line corresponds to fitted curve according to Emumtl). B: Temperature
dependence of PXRD patterns corresponded to thenghelecomposition of
(NHy),[Ir0580%.4Clg] in hydrogen atmosphere (2 vol.%./He flow, A =
0.68894 A 2D-film top view. C: Selected PXRD patterns obtained at various

temperatures. D: weight fractions for intermedigleases upon heating of

(NHg)2[Ir 05509 4:Cle]-

Figure 2. Temperature dependence of atomic voluorel [35], Os [36], and
hcp-lro 5605 45 alloy formed from (NH),[Ir o 5505 45Clg] precursor fed hexagons
— heating, blue — cooling, lines correspond to &tsording to Equation 2 and
Table ).

Figure 3. Pressure dependence of the atomic vohfrhep-Iry 50 45 alloy at
room temperature. Open circles represent experaheiata, solid line is the
second-order BM-EoS fitted using parameters obthind12] (Table 2). Insert
shows pressure dependence/afvalue.

Figure 4. Evolution ohcplrysfOs50 under room-temperature compression (open
symbols) and with heating under pressure (solidosysh Heating at 25.6 GPa to
2300 K results in a two-phase mixtufec¢hcp. Compressibility curve fohcp-

Irosd0%50 Up to 10 GPa with an extrapolation to 27 GPa. bgema represerticp



Figure 5. Least-square fit fdicpIrosfO% 50 at 13.7 GPaléft). The same sample
after heating at 2300 K under 26.7 GRight). Experimental data-points are
shown as squares, refined profile — as solid liadial sweeps of 2D images are
shown in the middle, difference curves are shownth& bottom, (room

temperature). = 0.4145 A).

Figure 6.n situ PXRD data collected at the large-volume pressiépir s:0% 45
at constant pressure (11.2 GPa) with increasingéeature X = 0.2296 A) and

representative integrated PXRD profile at 2100 K.

Figure 7. Dependence of atomic volume on the teatyner forhcp-rys{0%.45 at 80
GPa. Hexagons represehtp phase; squares fec in two-phase region; line
corresponds to the fit according to Equation 2nBaat 300 K correspond to the

guenched sample.

Figure 8. Least-square fit fticpIrys:05.45 at 1370(8) (left) and 2346(8) K (right)
under 80 GPa)\(= 0.3100 A). Experimental data-points are showrsgsares,
refined profile — as solid line, difference cungeshown at the bottom. Inset

shows radial sweep of 2D images.

Figure 9.Left experimental k-Os binary phase diagram at ambient presswje (P

according to [51] (firm line) and schematic drawiofythe same diagram with



representation of phase separationhoprosO%so and hcplrgs0%.45 under

various pressures.



hcp-Os (ambient pressure) 13.9843(2) 1.35(1) 4.7(2) 36 1. [35]

hep-Irg 5405 .45 (@mbient pressure, heating 14.11(1) 1.57(3) 1.9(4 1.6(5) present work
hep-Iro 5405 .45 (@mbient pressure, cooling 14.11(2) 1.36(6) 4.8(9) 1.4(5) present work
hep-Irg 580545 (P = 80 GPa, heating) 12.25(1) 0.31(7) 0.3(4) 0.3(5) present work

fce-Ir (ambient pressure) 14.1475(3) 1.66(2) 7.3(3) 681. [36]




fec-Iro sd0S 20 (20—55 GPa) 14.112(2) 13.98(2)

484(7)
393(7)

395(5)

[12] / ESRF in oil

[12]/ APS in Ne

Present study/APS in Ne

datomic volume refined from PXRD data at ambientdibons;
Patomic volume obtained from BM-EoS;

CBO‘ =4.



Table 3. Crystallographic data for as synthetizedi @nn

Annealed
As synthetized (873 K, 0.5 h) [12]
Composition ambient pressure, 1273 K, 40 h [12 11.2 GPa, 3000 26.5 Gl
a A c, A Space group Vo/Z, A% atom* Phase Composition Phase Composition Phas
Fm3m 90 %fCC-ll'ojsOSo,zs Fm3m 79 % —_
hep-IrosOs4s | 2.728(2)  4.373(3)  P6\mmc 14.092(2)
P63\mmc 10 %hcep-Iro 3064 P63\mmc 21% —
Fm§m 68 %fCC-|I’o_75OSo_25 — —_ Fm§m
hep-lros®Osso | 2.729(2)  4.361(3)  P6\mmc 14.058(2)
P6s\mmc 32 %hep-Iro 3809 65 — — P6s\mmc
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precursors (INHg)o| 11OUS;-xClg|.

A crystalline intermediate has been detected in thermal
decomposition of (NH4)2[1riOs;-«Clg].

Stability of hcp-1r—QOs alloys has been tested under
high-pressure high-temperature.

Miscibility gap shifts towards iridium with compression.



