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Abstract. The formation of thehcplrosRe 30 alloy from the single-source precursor
(NHa)[Iro.7R&.3Cle] upon heating in hydrogen atmosphere can be adsdcwith the
formation of two intermediates: a crystalline iddi-based intermediate and &t

structured alloy. Ir—Re alloys show lower thermapansion coefficients and smaller



phase diagram. The miscibility gap betwdsp andfcc alloys slightly shifts towards the
rhenium side below 4 GPa. Above 4 GPa, the miggilgiap does not drift with pressure and
narrows with compression. The electrocatalyticvatgtiof I—Re alloys has been tested
for methanol oxidation in acidic water solution.—Re alloys show higher
electrocatalytic activity in comparison with pure and Re, which makes them
perspective candidates for fuel cells applicatidme highest electrocatalytic activity has
been obtained for the two-phasgsiRe) 15 composition.
Keywords. high-pressure, high-temperature, alloys, phase diagrams, X-ray
diffraction, electrocatalysis
1. Introduction

The detailed investigation of binary alloys andirtiplase diagrams provides the
basement for further progress in the development naflticomponent alloy
compositions. Pure metals and binary alloys camdesidered important models for
further progression towards more complex systemush sas high-entropy alloys,
metallic glasses, metallic foams and heterogenewial matrix composites. Refractory
alloys based on platinum group metals play an it@oorrole as materials with
outstanding mechanical, thermal and chemical stabNevertheless, due to their high
melting points and price their applications ard Bihited and information about their
properties is fragmented.

Alloys based on platinum group metals with rheni@specially Pt—Re alloys,
were extensively investigated due to their extranangy thermal stability and catalytic

properties. At the same time, I—Re and Rh—Re allagre investigated sporadically



were applied to the construction of rocket comlmnsthambers [9].

Pure platinum group metals were broadly investdjateder extreme conditions.
Nevertheless, their alloys have seldom been studiedy Ir—Os alloys were tested
under high-pressure high-temperature conditiorstu up to 140 GPa and 3000°C [10-
11], and the Ir—Re system has been investigatedrumdh-temperature high-pressure
up to 9 GPa and 2000°€x situusing a belt press [12-16]. High-temperature high-
pressure studies may lead to a deeper understaoflihg stability of ultra-hard ultra-
incompressible alloys upon extreme conditions arehwially be exploited as tools for
the construction of realistic pressure-dependemtsphdiagrams. These are especially
needed to predict alloys properties under workiogditions as well as to understand
the formation of their metallic minerals from theltnn the Earth Core.

The Ir—Re binary metallic system has been investjan detail during the last
decade. Recently, existing experimental data haea laritically reviewed with the aim
of creating a realistic model for the Ir—Re ambiprégssure binary phase diagram [2].
According to experimental data, the peritectic bjnd—Re phase diagram has a
miscibility gap betweefcc- andhcp-structured alloys at 20 and 30 at.% Re. The I—Re
phase diagram has been calculated using a sulareguolution model based on
experimental crystallographic and thermodynamia dgig. 1) [2].

Several Ir—Re alloys were prepared by arc-melthigh-temperature annealing
and thermal decomposition of single-source precardexisting experimental data for

single-phase Ir—Re alloys are summarized in theplempentary table S1. Atomic



VIZnep = 14.14(6) + 0.14(2¥re + 0.43(5)Xre (1),

V/Ziee = 14.15(1) + 0.17(1¥re + 0.82(7)Xre” (2),
where atomic volumes//Z (V is a volume of the elemental cell addcorresponds to
the number of atoms in the elemental cell, vidth 2 forhcp andZ = 4 forfcc alloys)
are plottedversusatomic rhenium compositionge (Fig. 1). Hcp andfcc alloys follow
two functions, both displaying small negative defilen from linearity (<2 %). The
describing functions herein described can be usedtimate the composition of Ir—Re
solid solutions with known lattice parameters.

In the present study, we report the investigatibmap-structured Ir—Re alloys
under high-temperature high-pressure conditions. @imary goal is the construction
of a pressure-dependent binary phase diagram fosystem constituted by
incompressible metals with ultra-high melting peinThe compressibility curve for
hcp-lrp.70Rey 30 was collected using situ X-ray powder diffraction in diamond anvil
cells and a large-volume press. To investigatddhmation ofhcp-rg ;dRey 30 from the
single-source bimetallic precursor (WHIro7Re3Llg] upon heating in hydrogen
atmosphere, we emplyeih situ powder X-ray diffraction. Finally, we performed
preliminary tests of the electrocatalytic activiby hcp-structured Ir—Re alloys for
methanol oxidation in acidic solution, as modelteyss for fuel cells.

2. Experimental details

IrhRex alloys were prepared using single-source bimetalprecursors

(NHg)[IrRe xClg] (x = 0.23, 0.42, 0.70, 0.71, 0.86), similar to thgD& « alloys

described elsewhere [10-11]. (WHIrxRe«Clg] were crystallized by adding an excess



were prepared by thermal decomposition of (NHRe«Clg] in 5-vol.%-H,/95-
vol.%-N, stream (15-30 minutes) at 1000 K, followed by reataooling (10-12 hours).

Hep-lro.71aRe&.20a) and heproosaRen77q) were used for high-temperature
experimentshcp-Irg 71aRe.29¢1) andhep-Irg 7o R 30(1) Were characterised in the large-
volume press and diamond anvil cell experimentpaesvely. Thehcp-Iro.711Re.291)
and hcplro.zoaR&.3001) alloys have nearly identical composition withinpermental
errors and are cited below bsp-lrg ;dRe 30 Elemental compositions were analysed in
10 points using a Hitachi S-4800 Field Emissiomsaag-electron microscope (SEM)
equipped with energy dispersive X-ray (EDX) analy§eg. S1. Table S2).

The thermal decomposition of (NH[IrRexClg] (x = 0.23 and 0.70) was
investigatedin situ using the powder X-ray diffraction (PXRD) set-ugrdted at the
Swiss-Norwegian Beam Lines (BM01A), ESRF. Samptepawder form were placed
in 0.5 mm fused quartz mark tubes (Hilgenberg Gmli@€rmany). Tubes were
connected to a 2 vol.%HHe flow (0.1-0.5 ml/min) and heated with hot aneam from
room temperature to 1000 K with a ramp rate of 1®iK. Temperature was calibrated
using the thermal expansion of the cell parameterssilver powder as external
standard. The wavelengti. = 0.68894 A) and sample-to-detector distance were
calibrated using Lag powder (NIST SRM 660c) as external standard. De¢ae
collected every 20 s (approximately every 3 K i ttemperature scale) using a
PILATUS2M 2D flat detector. The data were convertd diffracted intensities
integrated using the SNBL software toolbox [17].mperature dependent PXRD

patterns were plotted and analysed using the P@Rdaoftware [18]. Parametric



simultaneously for all phases using Rietveld refirat. Selected PXRD profiles upon
heating and temperature dependent plots are givéngi 2 for (NH)[Iro.70Re&.3Cle]
and in supplementary Fig. S2 for (WHIro.dRey 7Clg.

High-pressure PXRD data facp-Iro 7dRe 30 were collected up to 48 GPa at room
temperature at the ID15B beam-line, ESREF,=(0.410962 A, MAR 555 flat panel
detector, beam size M&10(h) pm?). A membrane diamond anvil cell with conically
supported Boehler Almax type anvils (3@@n culet sizes) was used for pressure
generation. Pressure was determined using a rubjnéscence. Neon was used as
pressure-transmitting medium. The diffraction inmgesre recorded under continuous
w-rotation of the DAC from -3 to 3 with 1 second acquisition time. After
compression at room temperature, the sample was-hested offline up to 2000-
2250°C and quenched. The laser-heated sample westigated at room temperature
under pressure (48.5 GPa) and during decompress@mbient pressure.

The large-volume 2000 tons MAVO press in a 6/8(x&R)de with tungsten
carbide anvils [20] (IDO6-LVP beam-line at the ESRF= 0.2296 A) was used for
experiments withthcp-Irg 70R& 30 A linear pixelated GOS detector was usedirfiositu
data collection (sequential exposure of 3.2 secaids0 Hz at 32 seconds interval,
mounted to intercept the downstream diffractiomrrthe horizontal anvil gap at 1966
mm distance). The detector-beam normal plane wahamécally corrected for tilt and
rotation, the detector position was corrected fmozffset and calibrated against LkaB
(SRM660a). Thehcp-rosRe 30 alloy sample was ground with-BN powder (1:1

volume ratio) in an agate mortar and loaded inteBN (Goodfellow) capsule, before



equation of state of MgO [23, 24]. The sample wammressed up to 10 GPa and
heated up to 3100 K under constant pressure. Casipiiy, heating, cooling and
decompression curves were collected. Two-dimenkiomeges were integrated to one-
dimensional intensities as a function of diffrant@ngle using the FIT2D software [25].
Unit cell, background, and line-profile parametersre thus refined simultaneously
using the model-free full-profile refinement implenied in JANA2006 software [26].
Compressibility curves were fitted using the EoS52 software [27].

Phase composition and cell parameters of quenciraglss recovered from the
large-volume press were proved inyhousepowder x-ray diffraction (PXRD) using an
ARL XTRA diffractometer (CHo-radiation, Ni-filter, Bragg-Brentano reflection
geometry, ® = 5-100°,A20 = 0.03°, 10 s/step, room temperature). A polyetdiise
sample was slightly ground with hexane using anteagaortar and the resulting
suspension was deposited on the polished side (qpfagtiz sample holder, to form a
smooth thin layer after drying. Silicon powder waken as an external standaad=
5.4309 A, FWHM ® = 0.1°) for the calibration.

Cyclic voltammetry (CVA) was performed using an élab PGSTAT
potentiostat (Eco-Chemie) controlled by a PC withES software. Few milligrams of
alloys powders were deposited on screen-printeslsglaarbon electrodes (GC-SPEs,
DropSens C110, S = 0.12 ®m1 M H,SO, water solution was used for background
measurements. Electrocatalytic tests were perfonmeddrop of 1 M Methanol / 1 M
H,SQO, after 5 minutes conditioning at 0.55 Ve(susstandard hydrogen electrode,

SHE). Measured potentials were reported against 8iEising the ferrocyanide |



3. Results.
3.1. Thermal decomposition of (NH4)2[IrxRe;xClg] (x = 0.23 and 0.70).

Binary InRe alloys can be prepared in the whole range of caitipas by
thermal decomposition of (NHb[IrRe«Clg] single-source precursors below 1000 K.
Metallic alloys withx < 0.7 havehcp crystal structure; alloys witlk > 0.85 arefcc-
structured. Compositions with 0.7x< 0.85 are two-phastec+hcp mixtures, which
corresponds to the equilibrium Ir—Re phase diagiZm

Recently, the thermal decomposition of (N4fir«Os,.<Cle] has been linked to the
formation of a crystalline intermediate [11]. A gian intermediate phase was detected
in the thermal decomposition of the (WHIro.70R& 3dClg] salt in the temperature region
550-700 K (Fig. 2). Above 650 K, defedtc and hcpstructured phases form
simultaneously. Above 950 K only tHecplrosdRey 30 alloy has been detected. The
formation of metallic mixtures with further highrperature equilibration has been
detected in other systems, such as [PA{NHPtClg] and [PA(NR)4][IrCl¢] [28-29].

Broad diffraction lines characteristic fdrcp— and fcc—structured intermediate
metallic phases below 950 K suggest a high conagortr of structural defects, such as
fcc/hep intergrowths and stacking faults. Since both pbasee likely to form
intergrowths (rather than separate crystals), ipassible to perform quick thermal
annealing and favour phase exchange between thes alith the consequent formation
of a single phasécplrosRe 30 alloy. The simultaneous formation &@fc- and hcp-
structured phases makes this alloy different fraehtcp-Irg s00% 50 in Which only one

intermediate phase has been detected. The)fNitd .Re 7/LClg] salt with lower iridium



3.2. Thermal expansion and compressibility of the hcp-lroz0Rens and hcp-
ITo23Rep 77 aloys.

We collected the thermal expansion curves at amipesssure for twacp
structured alloys, namellgcp-Iro7z0Re& 30 and hep-lrg 2Re 77 Neither alloy show any
specialities in their thermal expansion curves &bdwW00 K. Volumetric thermal
expansion coefficients in the form(T) = @y + ;T were obtained by fitting the

temperature dependent atomic volumes to

V(T)  V(To) T
TP =" e [ a(T)dT | 3)

whereV(To)/Z is the atomic volume at reference temperature K9Jable 1, Fig. 3).

Hecp-lrozdRe&.30 and heplrg.Re 77 alloys have smaller thermal expansion in
comparison with pure metals (Fig. 3) and smallepslin comparison with pure iridium.
Pure rhenium has negative thermal dependence afdmatio, an unusual occurrence
in hcp-structured metals. However, bdtep alloys have positive trend, which is more
typical forhcp-structured metals such as Os and Ru.

The pressure dependent compressibility curve anrwanperature was recorded
for hcplrozdRey30 up to 45 GPa and fitted using the third-order Bikdurnaghan
equation of state (BM-Eo0S) [10-11, 30-31] (Fig.Taple 1). The compressibility curve
for hcp-Irg.7R& 30 can be fitted with a relatively large value foethressure derivate of
bulk modulus, which in turn results in lower comgsibility of the alloy at high
pressures in comparison with pure metals. Treeratio is growing with pressure,
making this alloy different from pure Re, thoga ratio does not depend on pressure

below 100 GPa.



does not result in any phase change and phaseatepamwhich is a proof of the
thermodynamic stability of this composition at aemii pressure. High-temperature
high-pressure synthesis and phase stability ofratlre-Re alloys were investigated at

1, 4 and 9 GPa up to 2000 K (Table 2, Fig. 1) [6R-Feveral alloys with compositions
close to the miscibility gap in-HRe phase diagram were used to probe the pressure
dependent equilibrium with metallic mixtures and-pynthetized alloys.

The annealing of Ir/Re mixtures at 2270 K and 4 @&zailts in the formation of
two-phase samples (Table 2, Fig. 1). This can Isocsted with a shift of the
miscibility gap in the phase diagram upon pressoceease. Re has larger atomic
volume, therefore the miscibility gap betwetat- and hcp-structured alloys shifts
towards the rhenium side of the phase diagram.hEpdr, ;R 30 binary alloy is ideal
for probing I—Re phase relations and equilibrium under high-presssince its
composition corresponds to thep-structured alloy with maximal Ir concentration.

Previous experimental data have been obtamedituusing quenched samples
prepared in a belt press up to the pressure of & [GR-16] (Table 2, Fig. 1). In the
present study thbcp-Irg.7dR& 30 binary alloy was compressed up to 10 GPa in alarg
volume press at room temperature and heatedimwghiu diffraction control up to 3000
K. At 10 GPa,hcplrosRe30 is stable upon heating up to approximately 2770 K.
Above 2770 K, the single-phase alloy decompose$ ¥atmation of a two-phase
hcptfcc mixture. After its formation, the two-phase middwvas annealed for several
minutes at 3000 K (at the constant pressure of RA)@nd quenched. At 10 GPa, the

single-phasdacp-structured alloy decomposes to fan-Irp 7dRe 27 andhcp-Irg 70Re 30



The hcplrg 7dRe 30 alloy compressed to 45 GPa in diamond anvil cels aser-
heated at 2270-2770 K for 1 minute and quenchesam temperature. The sample
recrystallizes into a two-phase mixture (Fig. 4).eight regions, the cell parameters of
fcc andhcp phases are very similar and vary within experirakeetrors (Table 2). The
shape of the caked diffraction rings suggests hightallographic strain in the sample
after heating under pressure. Phase separatio &P4 hints to a slight shift of the
miscibility gap with pressure above 10 GPa. Thecinibty gap above 10 GPa becomes
very narrow.

3.4. Electrocatalytic activity of Ir—Re alloysfor methanol oxidation

Several kRe alloys were recently proposed as perspectiverdggneous
supported catalysts [5-8]. To preliminarily invgstie the catalytic activity of -#Re
alloys, we tested them to the model reaction ofhar@bl oxidation in acidic aqueous
solution.

The recently developed glassy carbon screen-priekectirodes can aid the fast
screening of electro-catalytic performances of mestal combinations. The powder can
be easily loaded on the horizontal working eleatr@hd analysis can be carried out
with few milligrams of powder in a drop of solvehtevertheless, due to the presence of
a pseudo-reference electrode, potential valueddhaueferred to SHE through the use
of an internal redox calibration couple.

Electro-catalytic activity can be estimated frontlay voltammetry (CV) data
from the position of the oxidation peak in the acadirve. The potential corresponding

to the peak maximum in an irreversible electrocloainprocess is strictly related to its



working electrode has been conditioned at an apjatep potential to achieve
adsorption of the molecule on its surface.

Ir and Re do not show pronounced activity in thelation of methanol in acidic
media. Their oxidation potentials are relativelghi0.521 V (for Ir) and 0.510 V (for
Re). The following activity series can be extracteain the CV curves: two-phase
Iro.ssRe.15 (0.470 V) >hcplrgRe 77 (0.476 V) >heplrosdRes0 (0.490 V) >hcpRe
(0.510 V) >fcc-Ir (0.521 V)= heplrgzRe 30 (0.521 V) (Fig. 5). The Re-rich-hRe
alloys show lower potentials in comparison withatrd Re, which makes them better
electrocatalysts for methanol oxidation. The Ihriecplro7dRe& 30 alloy has higher
peak’s potential and therefore lower electrocat@byttivity in comparison with Re.

4. Discussion.

Single-source precursors were proposed as staratgrials for active metallic
catalysts and porous metals [34]. Recently, seveedhllic phase diagrams were probed
using samples prepared by precursors in mild camdit[35]. Here we report how
pressure-dependent phase diagrams can be alsodptdeg pre-specified binary
metallic compositions prepared from single-sourcecprsors. Phase separatiorhop
Iro.7dRe 30 alloy under high-temperature high-pressure pravidf@rmation about miscibility
gap at high-pressure up to 50 GPa (Fig. 1). Sipitarir—Os binary system, the miscibility
gap in IRe binary system shifts towards the metal with éigitomic volume (iridium and
rhenium respectively) up to 4 GPa. Above 4 GPaplseibility gap does not visibly shift
and narrows with pressure. The completgIrg7dRe 30 to fcc-Irg zdRe 30 transformation is

not detected below 45-48 GPa. Formatiohaptirg 7dRe 30 alloy from (NH,)[Ir 0. 70R & 36Cle]



in (NHg)2[Ir0500%5LCle), and later thefcc-alloy. The hcptfcc mixture preformed on
early stage of thermal decomposition transforms thehcp-rozR& 30 alloy above 950

K. The compressibility curve fdrcpIro;dRe 30 collected at room temperature up to 45 GPa
can be fitted with a bulk modulus of 340 GPa, whglsmaller in comparison with pure
metals. Heating ohcplrgzRe& 30 collected at ambient pressure suggests smallemdhe
expansion in comparison with Re and Ir. Teeratio for hcpIrozRe 30 IS increasing with
pressure and temperature, a sensible differencegdwe Re, which shows a decrease in the
C/aratio with temperature and no pressure dependence.

In general, thermal expansion and pressure conigliggf Ir—Re binary alloys
follow similar trends as pure Ir and Re metalsth&tsame time, binary alloys display smaller
thermal expansion and pressure compressibilityctwban be further exploited to tune the
properties of refractory alloys compositions. Thesaibility gap in the phase diagram
becomes narrower with pressure, a feature whichd dm exploited in the preparation of
single-phase alloys unavailable by direct melting.

We tested the electrocatalytic activity for metHamadation of severahcp-structured
and two-phasédcthcp Ir—Re alloys. The best candidate for electro-catalyticlation
of methanol is thus the two-phaseshRe) 15 alloy. Its high activity can be associated
with its high structural defects concentration awith the presence ofcdhcp
intergrowths. The non-linear dependence of eleatadgtic activity from alloy’s
composition, a trend showing two minima, should fbeher investigated for other

metallic systems. However, this result suggests itha necessary to pay attention to



The mechanism of formation of+4Re alloys from single-source precursors
suggests the presence of a two-phase metallic meixtac + hep alloys) in a broad
range of temperatures (700-950 K). Such mixturense® be non-equilibrium and to
contain high concentration of structural defectonsidering that the two-phase
Iro.ssRe 15 alloy shows higher electrochemical activity, thevestigation of non-
equilibrium two-phase compositions prepared at &nagpires below 900 K may lead to
the discovery of new active catalysts with outsiagactivity.

5. Conclusions.

In the current study, #Re alloys powders were prepared from single-source
precursors under mild conditions and could be gty used as supported catalysts.
In general, oxidation potential increases withdnecentration and reaches a maximum
for the hcplrgzRe 30 Our technique based on single-source precursorbe extended to
the preparation of other multicomponent refracteygtems, to probe their catalytic and
functional properties [36]. #Re alloys prepared from single-source precursasdaal
models to probe the high-pressure high-temperatoinstitution of binary ¥Re phase
diagram. In the #Re phase diagram, the miscibility gap betwéep and fcc alloys
slightly shifts towards the rhenium side below 4aGRbove 4 GPa, the miscibility gap does

not drift with pressure and narrows with furthemgoession.
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and hcp (hexagony alloys; firm lines represent polynomial individudatings for fcc-
and hcp-sstructured alloys individually according to Equasol and 2). Phase diagram
was calculated in [2] using regular solutions modeight Phase separation for
0.80Ir+0.20Re and 0.75Ir+0.25Re mixtures [12-16]d aim hcplrozQRey 30 after
annealing above 2000 K under compresseitles represent two-phase compositions).
Fig. 2. Left Selected PXRD patterns obtained at various teatpexs corresponded to
the thermal decomposition of (NH[Iro.7dR& .3Llg] (2 vol.% H/He flow, L = 0.68894
A). Right weight fractions for intermediate phases uportihgginset corresponds to
the 2D-film top view of the temperature dependeXiRP patterns upon heating).

Fig. 3.Left thermal expansion dicp-lrgdRe 77 andhcp-Irg 7R 30 alloys on heating
(red hexagons) and cooling (blue hexagons). Limeesponds fitting with Equation 3.
Middle: thermal dependence ofa ratio for hcp-lrg.dRe 77 and hep-lrg 7zdRey 30 alloys
and Re [30] (lines correspond t8 2rder polynomial fits)Right Pressure dependence
of atomic volume fomhcpIro7R& 30 pure Ir [31] and Re [30] (lines show the third-
order BM-EO0S fits). Inset shows pressure dependehcia ratio.

Fig. 4. A:In situ PXRD data collected at the large-volume presshiigriryzdRey 30 at
constant pressure (10 GPa) with increasing temperdtetween 2000 and 3000°C (2D-
film top view, ESRF ID06-LVP) = 0.2296 A) and selected PXRD patterns collected a
2000 and 3000 K. PXRD data collected before (BG#Fa, room temperature) and after
(C: 48.3 GPa, room temperature) laser heating @0-2600 °C of thencplrozRe 30

alloy (ESRF ID15B) = 0.410962 A).



on glassy-carbon screen-printed electro@se line— first cycle after absorptiogyrey
line — second cycle after absorption (background). €uris normalized for the
working electrode surface area. Potentials are rtegpoagainst SHE by using the

ferrocyanide | ferricyanide redox couple as intestendard.



Table 1. Volumetric thermal expansion parameteesraiient pressure and bulk moduli at room tempesgdtr pure Ir, Re anbcp-structured k-Re alloys.

Composition Vo/Z, Al atomt ¢ Vy/z, A% atomt ' ap 10, K' 0110, K2 0p02 10, K By, GPa By © Refs.
hcp-Re (ambient pressure) 14.720(1) 14.73(2) 1.6(1) .04Q) 1.601 353(3)/4 [30, 33]

hep-Ire2saRe. 77 14.502(19 - 1.12(4) 5.7(3) 1.287 - present study

hep-ro.710R & 2001 14.184(2§ - 1.32(6) 5.2(4) 1.472 - present study

hep-1ro.700R& 300 14.184(1) 14.184(2) - - - 340(3)/7.6(2) present study

foe-Ir 14.1475(3) - 1.66(2) 7.3(3) 1.874 354(6)/5.80(7)  [31, 32]

“atomic volume refined from PXRD data at ambientditions (in house data);
Patomic volume refined from BM-E0S;

°Bo — bulk modulus, B — pressure derivative of bulk modulus;

hep-Iro 2saRev77as @ = 2.759(1), ¢ = 4.400(2) A;

ehep-Iro 1R e.2005 @ = 2.735(2), ¢ = 4.380(4) A,

thp-ll’o'sge(sR%gm(s)' a= 2737(1),C = 4372(2) A



hep—Iro 7dRe 30

hep-Iro7R& .30

0.85Ir+0.15Re

0.80Ir+0.20Re

0.75Ir+0.25Re

0.75Ir+0.25Re

0.65Ir+0.35Re

0.60Ir+0.40Re

hep—Ire.7dRe 30

hep—Ire.7dRe 30

hep-Iro7R& .30

1 GPa, 1900°C, 5 min

4 GPa, 2000°C, 10 min

4 GPa, 2000°C, 5 min

4 GPa, 2000°C, 10 min

4 GPa, 2000°C, 15 min

4 GPa, 2000°C, 10 min

4 GPa, 2000°C, 5 min

9 GPa, 1900°C, 10 min

10 GPa, 3000°C, 10 min

48.3 GPa, 2000-2500°C, 1 min

hcp—Iro 70R & 30
fee—Iro.7Re 30
fec—IrossRev 15
fec—Iro soRe 20

90 wt.% fec—Iro 7R & 24

10 wt. % hep-Iro edRey 32
68 wt.%fcc—Iro sRe 13

32 wt.%hcp—Iro esR & .35
6 wt.% fce—Irp -Rep 2:
94 wit. % hep-Iro 7dRe.30

fee—Iro.soRe .40
80 wt.%fcc—Iro 75Rey.25
20 wt.%hcp-—Iry esR & 35
47 wt.%fcc-Iro7Re 27
53 wit.%hcp—Iro 7dR& .30
fee—Iro 7R .26

hcp—IroesRev.ss

= '/
4.390(3)

3.846(2)
3.8470(4)
3.845(2)

3.844(3)

2.744(2)
4.364(4)

3.842(2)

2.741(1)
4.377(2)
3.844(3)
2.742(2)
4.368(4)
2.725(1)
4.371(2)

3.848(2)

2.742(2)
4.374(3)

3.849(3)

2.739(2)
4.375(3)

3.848(1)

2.742(2)
4.376(3)

14.23(1) [14]

14.22(1) [14]

14.233 [15]

14.21(2) [13]

14.21(2)

[12, 16]

14.23

14.18(2)

[13]
14.24(4)

14.21(2)

14.22 [12, 16]
14.33(4) [13]
14.245(5)

[14]
14.241(5)
14.255(5)
present
study
14.212(5)
14.250(2)
present
study
14.244(1)
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