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Abstract. We have performed in situ synchrotrorray diffraction experiments on
TaGo.99compressed in a diamond anvil cell along 3 isothermal paths to maximum
pressure (P)temperature (T) conditions of 38.8 GPa at 1073 K. By combining
measurerants performed in axial diffraction geometry at 296 K and in radial geometry at
673 K and 1073 K, wplaceconstrains on the pressurevolumetemperatureR-V-T)

equation of state of Tai@ a wide range of conditions. A fit of the Birdhurnaghan

equation to the measurements performed in axial geometry at ambient temperature yields

a value of the isothermal bulk modulus at ambient conditigns= 305 r5 (1\) GPa

and its pressure desgtive :0-; 02j,=6.1r0.5. The fit of the BirckMurnaghan
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Debye model to our complete\RT dataset allows us to constrain the Griineisen

parameteatambient pressuré) L 8:02 0 ';j 4to the value of 1.2 0.1.

[. INTRODUCTION

Tantalum carbide dG: (0.6 < x < 1) is a B1 structured ukhagh temperature ceramic
(UHTC) [1]. UHTC materials have the potential to be used in different technological
applications because of their combined high mechanical strength, extremely good thermal
stability as wdlas its resistance to harsh chemical environments.

Transition metal carbides are in general among the ceramic materials with the best
characteristics for high temperature applications where enhanced refractory and
mechanical properties are required [RPdntalum carbide has an extremely high melting
temperature, low electrical conductivity and unusual mechanical behavior with respect to
the other B1 structured (space gro{ip & ) monocarbides of the group IV and V

transition metals (TMC) [3, 4].

The stuctural, thermodynamic and transport properties ofx{athe followingwe will

use TaC except when discussing the effect ofstorchiometry on specific physical
propertie$ have been the subject of many experimental and computational investigations
and part of the existing results are tabulated in several review publications together with
the properties of the other TMC-&]. In particular, the elastic properties of TaC have
been the subject of more than ten different experimental and computatiafiak [6, 15,

16, 2839] exploring the effect of pressure or temperature anestmohiometry on the

tensor and the aggregate elastic moduli of single crystals or polycrystals.
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While several computational studies provide models of the isothermal c@mopres
behavior of TaC, only two experimental diamesnavil cell studies investigate its
compression behavior to the muBiPa stress range at ambient temperature [32, 37]. The
first study focuses on the response of mies@ed polycrystalline Taddsto canpression
under different stress conditions, and the second explores the behavior of nanocrystalline
TaC under strongly nonhydrostatic stress.

To date there are no data on the combined effect ofgnggsuresstressand-

temperatures on the structuralahe thermoelastic properties of tantalum carbide. With
this study we give a first account of the compression behavior afea@mpressed to
more than 40 GPa at ambient temperature and to a maximum of 38.8 GPa at 1073 K, and
we place quantitative comatnts on the pressurmmlumetemperature (PVT) equation of
state of this material.

Here we use a new approach to place quantitative constraints on the thermoelastic
properties of TaGee. We combine the results of static compression experiments in a
graphte resistive heated diamotaahvil cell using in situ synchrotron-May diffraction in
radial scattering geometry (an established techniqud§4§et never used before in
studies dedicated to constrain firessurevolumetemperature@quation of state) ith

those from axial geometry at room temperatufée use of highemperature high

pressure radial diffraction geometry in combination with a theory ofhydnostatic

lattice strains allows us to quantitatively constrain the departure from hydrostatic stress
conditions, which isot straightforwardn experiments performed in axigéometry.

This is particularly relevant for stifamples such as TaC whenebridge between the

culetsof the two diamond anvils undeombinecdhigh pressurand high temperaturén
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addition the experimentabpproach used here allows us to measure high temperature
volume compression along strictly isothermal compression pathederately high
temperaturesvhich is difficult with laserheated diamond anwvilell experimentshus

producingthe best suiteddataset foP-V-T equation of state fitting.

[Il. MATERIALS AND METHODS

A. Sample material

The starting material for all @eriments presented here is a powder ofokavith
nominalstoichiometricTaCcomposition produced by American Elements©. We have
determined the chemical composition of our starting material by measuring itelinit
volume by Xray diffraction at th&serman Research Centre for Geosciences (GFZ) using
a STOE Stadi ®iffractometemwith Cu K Dradiation monochromatized by a Ge(111)
crystal. Two separate amounts of sample were mixed &dhwt% Si standard (NIST
640d) as an internal calibrant. The average of the two measuremergsyieiécell
parameter=, = 4.4555r 0.0007 A. This value correspaid a composition of Tabe
based on the calibration by Bowman [8]. The unit cell p@tar of our sample is
equivalent within uncertaintip the results of neutron diffractioneasurementsf a
disordered stoichiometric TaC [9] and/arger (rather than smaller, as expected) than a

more recent neutron diffraction study of nominally stmafetric TaC [10].

B. High-pressure synchrotron-day diffraction in axial geometry

In these experiments the axis of the diamond anvils is parallel to the incigapté¢am.



90 Tav.gowas compressed qudsydrostatically in a symmetric pistarylinder type
91 diamond anvil cell [47] with 30(®n culet diamonds. Fine sample powder (with less than
92 1 Rn average graisize) was loaded in a 158n wide cylindrical chamber drilled in a
93 250 Rn thick rhenium disk prendented to a thickness of 3. Neon gas was ldad as
94  a pressure transmitting medium using thelgasling facility from Core Labs located at
95 PETRA Ill and operated by the Extreme Condition Science Infrastructure. A ruby sphere
96 and aa5 Hn speckle of gently packed gold powder were used as intersaljpee
97 standard[48, 49]. The diamond anvil cell was compressed remotely with-a gas
98 membrane system.-Ky diffraction images were collected at the general purpose
99 experimentableof Extreme Conditions Beamline (ECB02.2) of the '8 generation
100 light source PETRA Il at DESY, Hamburg, Germany. The monochromatic incident X
101 ray radiation had a wavelength of 0.2966 A. The beam was focused to a spot dize of 3
102 (vertical) by 8 n (horizontal)full width at half maximunby means of Compoun
103 Refractive Lenses (CRL).-xay diffraction images were collected with a Perkin Elmer
104 XRD1621 flat panel detector at 420 mm distance from the sample. The sample to
105 detector distance and tilting angles of the detector were calibrated using at@sdard
106 from the National Institute of Standards and Technolds{T, 674b). Twenty X-ray
107 diffraction images were collected pressursbetween 5.1 GPa and 43.6 GPa, including
108 3 images collected during decompression. The exposure time for each image was 20 s.
109 The images were analyzed withe Fit2d software package [50]. Le Bail fit [51] of the
110 integrated spectra were performed with the software MAUD [52] to determine the unit
111 cell parametea (TaC crystallizes in the cubic system in the space gidug ). A

112 typical X-ray diffraction image and the result of the Le Balil fit are showFigurel.
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The conditions and thesults of the room temperature compression experiments are

reported in Tables | and 1.

C. Simultaneous highressurénigh-temperature synchtmn X-ray diffraction in radial
scattering geometry

Two series of measurements were performed in radial scattering geometry at the general
purpose experimemdbleof the ECB. In these experiments the axis of the diamond anvils
is perpendicular to the incidentpdy beam, passing through arrd§ transpard@rsample
chamber, made of a mixture of amorphous boron and epoxy.

The setup for these experiments is based on a modifieeBdihpistonicylinder type

diamond anvil cell equipped with a graphite resistive sandwich heater fer high
temperature experimentsd]. Pressure in the diamond anvil cell is controlled remotely

by a gas membrane system. For temperature measurements tothgrenocouples are
placed in contact with the diamond at short distance from the culets. The diamond anvil
cell is placed in aacuum vessel (capable of maintaining b@bar pressure during the
experiments) to protect diamonds, the metallic parts of the diamond anvil cell and heater
setup from oxidation [54].

TaGo.g9 powder with a grin size < 1Hn was loaded in 50 diameter chndrical

chambers lasedrilled in amorphous borosepoxy gaskets of 388n diameter and 50

Fn thicknessWith sucha narrow samplehamber the entire sampkemainsas close as
possible to the centef the diamond culets, where stress gradients are low and where
stressand strairfields areclose to ideal axial symmettiat isrequired inthe

interpretation oX-ray diffraction experiments in radial scattergepmetry(see section
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[1.D). The ceramigaskets are supported by a kapton ring. In all the experiments the
diameter of the diamond culets was 380 and no pressure transmitting medium was
employed.

In the two hightemperature experimental runs-4® Bn wide fragment of less than 5

Fn thick Aufoil was placed above the sample as a pressure calibrant. The two high
temperature experimental runs were performed using a monochroraycbéam of

0.4847 A wavelength with an identical focus spiae as for the axial diffraction

experiment but slighy different sample to detector distance of 405 mm based on the

same calibration approadisfor the axial diffraction experiment.

The exposure time for all images in the radialay diffraction experiments was 4s. The
images were processed using Fit2d][ Each image was integrated fha&imuthal @ ;

sectors, for a total of 7@atternger image. The sets patternsvere further analyzed

with MAUD software package [ to determine structural parameters.

In ideal conditions, the geometry of the diardanvil cell imposes a cylindrical
V\PPHWU\ RI VWUHVV DQG VWUDLQ DW WKH FHQWHU RI WKH
axial direction). The stress state far from the center of the culets is more cong@plex [5

For this reason at each pressure dtepoptimized position was determined byay

absorption scans along the vertical and horizontal direction. An additional diffraction
image of gold was collected at each compression step for pressure calibration at high
temperaturef49].

In both the 673 K and 1073 K runs the sample was compressed at ambient temperature to
2.5 r 1 GPa and then progressively heated to the target temperature at an average rate of

3.2 °C/min and 4.6 °C/min, respectivedytotal of 47 Xray diffraction imagesvere



159 collected along two isotherms at 673 K and 1073 K. The parameters of all the

160 experimental runs are reported in Table

161

162 D. Data analysis of radial diffraction data with MAUD

163 All radial X-ray diffraction images were analyzed using MAUD software pgeka

164 MAUD determines both crystal structure parameters, and texture by combining Rietveld
165 full-spectrum fitting and a selection of models to describe crystallite sizes, microstrains,
166 PDFURVFRSLF VWUHVVY DQG WKH FUNVWDOVY SUHIHUUHG RU
167 Inradial X-ray diffraction experiments the sample is subject to stronglyhydnostatic

168 macroscopistress because it is loaded without aaft pressure transmitting medium.

169 The X-ray diffraction images display anisotropic strains caused by the uniaxsd stre

170 applied to the sample. This results in yorcular Debye diffraction rings, with their

171 ellipticity being related to the amount of deviatoric stress and the afastiali of the

172 sample material. Specialized theories to describehydnostatic crystastrains have

173 been developed to analyze thegag diffraction images collectddom samples

174 compresseth thediamond anvil cell and other higiressuralevices [57-59]. In our

175 analysis here we are interested in the study of the (volume) compression ahtfiaz

176 correct for the effect of nonhydrostaticity by using the theory developed by Siigh [5
177 Here we assume that the Taaepolycrystallineaggregatesample behaves as an

178 elastically isotropic material. Following the formulation presented by Sirg]Hf¢bthe

179 isotropic aggregate case

180 @:DGH. @Q:DGHsSE :sFu?K%;3? (1)
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where @ : DG Hb the dspacing of the (hkl) lattice planes family as determined in the
spectrum integrated at an andgdeneasured anticlockwise from the compression
direction. @: DG Hb the dspacing under hydrostatic stress (corresponding to prefsure
and 3is a measure dhe strain due to the deviatoric component of the stFess
isotropic aggregates efasticallyanisotropicmaterials, and assuming that stress is
homogeneous in the aggreg&iagh[58] derives

BAL P:sE &nu L Px), 2)
Where 8 As theisotropicaggregate3, averaged oall the diffracting lattice families
(seeequation(1)), PL &; F &is the difference deveen the normal stress along the
compression axis and perpendicular taéif, V WKH DYHUDJH' BRReEVVRQYTV UDWLF
<RXQJTV PRiEXsOtXMcC aggregate sampdad )is the isotropi@ggregate shear
modulus The model of Singh [58] is incomplete for aggregates subject to plastic
deformation and with lagydensity of defect6p]. However, equation (1) has been
shown to be useful to describe such experimental dataceaverage stress leve$],
and modeplastic behavior of materialssing more advanced metho@2].
The unit cell parametexrcorresponding to the hydrostatic stress component is
determined from the spectrum atL w ¥degrees. The implementation of the model
available in MAUD allowed usotfix the values ofdand ' and refine the values &,
and é&fo fit the observed-gpacings. We calculated the value/8ffby using equatin
(2). This can finally be easily convertézke equation (1)) io the nonhydrostatic stress
contribution to he uncertainty mthe unit cellparameterThe uncertainties due non

hydrostatic conditions are in average of the order 3f&,0substantially larger thathe
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estimated uncertainties on the values ofuhigcell parameter refined with the full
spectrunfit which areof the order of 18 A.

A typical X-ray diffraction image collected in radial scattering geometry is shown in
Figure2(a). The unrolled sequence of spectra integrated at 5 degree aziangleal

steps (see methods) is presenteBigure2(b) together with the fit result.

In both the experiments performed at 673 K and 1073 K pressure was determined by
fitting the unit @ll parameter of gold, loaded together with the sample in the sample
chamber. The analysis ofpay diffraction of gold was performed similarly to that of the
sample material itself. The stress/lattice strain analysis generally gave results of
deviatoric sress comparable with those of the Pagsample. In some few cases the fit

of stress and lattice strain of gold did not converge to consistent results due to lower than
average gold diffraction signal.

The 3 Xray diffraction images collected at 6.0, &8 8.2 GPa at 673 K and the 5 ones
collected at 1073 K from 32.9 to 38.8 GPa show a deviation from the ideal geometry,
with a maximum of lattice strains in a direction tilted with respect to the diamond anvil
axis (Figure3). Nor+ideal stress conditioreze typically due to gasket partial failure at

the highest pressures (as in the case of the 1073 K isotherm) or, less frequently, at the
lowest pressurestthe first contact between the diamond culets and the ceramic gasket
(as in the case of the 673 gotherm)Nevertheéss, we performed a full analysis also of
these images and we will discuss the results below.

All parameters determined by Rietveld analysis of the diffraction images ofodi@aGhe

two radial Xray diffraction experimental runs areported in Tabldl.

10



226 E. RV-T equation of state analysis

227 A third order BirchMurnaghan PV equation of state [ was fitted to the unit cell

228 volumes of TaGgo measured in the experiments performed in axial geometry and quasi
229 hydrostatic stress. Presssingere determined from the unit cell volume of gold loaded in
230 the diamond anvil cell together with the sample [49]. The pressuieme data were

231 weighted by the pressure uncertainties on the measurements of both gold and TaC
232 propagated from the untainties of their respective experimentally determined unit cell
233 volumes.

234  The three coefficients of the third order Bisturnaghan equation are the unit cell

235 volume at ambient condition8, the isothermal bulk modulus at ambient conditieng
236 and its isothermal pressure derivative at ambient conditions 0 2, We fixed the

237 value of §,to the one we measuratithe GFZsee above) and we refined the values of
238 -j4and:0-; 02, The individual data points used in the fit are reported in Tifible
239 37D &H” the&lit we did not considall thedata points collected in decompression
240 however wewill mention, in thediscus®n, their effect on the fit resulté\fter the first

241 decompressiostepthe piston and cylindesf thediamond anvil cellvere jammed. We
242 observed a sudden decrease of sample (and Au standard) unit cell selwaen each
243  of the decompression points. The depression volumetpressure datdo not plot on

244 the compression datasewen though they overlap within reciprocal pressure

245 uncertaintiesOur interpretation is thatlue to the sudden stress rele#isestress field

246 applied to the sampleasdifferentwith respect to that generated by the smooth stress
247 increase in compression, and the anomalous stress coraffgéoidthe pressure

248 determinationThe last data point, collected at 1 bar after complete pressure release,

11
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271

overlaps with the ambient conditie X-ray diffraction measurement and refinements
performed at the GFZ (séégure4).

The pressure volume data of Teaecollected in radial diffraction geometry along the

two high temperature isotherms at 673 K and 1073 K were used to fit the paraheters
the BirchMurnagharDebye PV-T equation of state (e.g.4p. Pressures were
determined from the measured unit cell volume of gold loaded in the diamond anvil cell
together with the sample. Error propagation of the uncertainties on sample and gold
expeaimental unit cell volumes was performed using the same strategy as for the room
temperature quasiydrostatic experimental dataséfe additionally weighted the data of
the high temperatureuns (performed without soft pressure transmitting mediloyn)
propagating thedditional volume strain caused to tir@axial stress present in the
sample chambdsee section about @lattice strainsanalysi$. The uncertainty on
temperature in the experimental setup used in this study is estimated 20 lbeat 673
Kand r60 K at 1073 K [53].

The coefficients of the BireMurnagharDebye equation ar&,, -j,and :0-; 024

for the reference isotherrwhich we fixed to be the ambient temperature isotherm. Three
thermal parameters were refined: the Griineisen parameter at ambient coridjtitsns
logarithmic volume derivativeML :¥Z {0 Z 8;;, and the Debye temperature at
ambient conditionsy,. Dueto our limited dataset we fixed the initial unit cell volume of
the reference isothernBy) to our own measurement result and the valug,06 567 r

10 K which is the average of the available literature data [19, 24, 30, 31, 36, 39]
excluding the twoxdreme values [34, 37]. We thus refined the valud/ahd U, for

which theextantpublishedresults are in strong disagreement [17, 31,636]

12
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The whole dataset used to fit the parameters of the equation of statepe$ di@C

reported in Tabldl.

II'l. RESULTS

A. Isothermal equation of state of Tadgat 296 K

The unitcell volumes determined in the quésidrostatic experiment are reported in
Table II. The compression curve is plottedrigure4. The third order BirciMurnaghan

fit of our data yields- 4,j=305r5 GPa and:0-; 02,=6.1r0.5, where-,j is the

initial bulk modulus and: 0-; 0 2 4is its initial pressure derivative. We performed our
fit by fixing 8,(the initial unitcell volume) to the value of 88.8& based on our
measurement at ambient pressure. The root mean square (RMS) misfit of the pressure
dataset is 0.29 GP¥/e tested the effect of including ttteee decompression ddthese
collected at 38.9, 32.0 and 18.8 Girathe fitted datasef hefitted coefficients are
insensitive, within estimated uncertaintigsthe inclusion of the decompression data.
However, the RMS misfit increases by more than 20% by addisgttivee datgoints
and we decided texcludethem in our final fit(see Take Il). The model isothermal

compression curve is plotted as a solid lin€igure4.

B. P-V-T equation of state of Tao

The hightemperature unitell volumes dataset (Tablle combined with the parameters

of the ambient temperature isotherm wesedito fit the thermal coefficients of a Birch
MurnagharDebye equation of state. We did not include in the dataset the data collected

at 6.0, 6.8 and 8.2 GPa and 673 K and the 5 ones collected at 1073 K from 32.9 to 38.8

13
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GPa (see also discussion). In theve fixed the value ofg,to the value of 570 10 K
averaged between the available literature data (see methods above). The fit yields an
initial value of the Griineisen parametgg 1.2 r 0.1. The value of the logarithmic
pressure derivative of the Grineisen paramdfgis(poorly constrained by the current
dataset and the best fit valueN& 1 r 2. The RMS pressure misfit of the full high
temperature dataset is equal to 0.46 GPa.coh&lete set of coefficient of the pressure
volumetemperature equation of state of baébased on our experimental results is
reported in Tabléll. The experimental unitell volumes and the model isotherms at 296

K, 673 Kand 1073 K are plotted kigure5.

IV. DISCUSSION

A. Isothermal equation of state of Tadgat 296 K

The values of- 4, =305r5and:0-; 02j,=6.1r0.5 constrained by our new quasi
hydrostatic dataset compare well with the available computational and experimental
resultsfor TaG (TablelV).

Several ab initio DFT computational studies have investigated the elastic properties of
TaC [6, 13, 15, 18, 339]. The values of the ambient pressure bulk modulus are
generally similar in all the studies when the same approximetiosed for the
exchangecorrelation electronic interaction. The average for the studies using the
generalized gradient approximation (GGA) is 3156 GPa and overlaps with our result
within reciprocal IVuncertainties. One of the computational studi&} €@mbines DFT
calculations and experimental ultrasonic interferometry data, for only two of the three

elastic stiffness coefficients of TaC. Using the elastic anisogapyessed as the Zener

14



318 anisotropyratio # L t%g %5 F %6 [65], from their calculations we can estimate the
319 value of the experimental bulk modulug; L 310 GPa, which agrees with our result
320 within 1V Here we point out that the difference between the isothermal bulk modulus
321 -4 and the isentropic bulk modulus,; expressed by the thermodynamic relationship
322 -4 L -4 s E UU;pvhere Uis the thermal expansion coefficient, abi the

323 Grineisen parameter) in the case of TaC is of the order of 3 £ 1 GPa, which is

324 comparable with the uncertainties of all the ergtexperimental studies (TalM).

325 Our best fit- 4 is at the lower end of the values of isothermal aactispic bulk

326 modulus reported in the literatuegcept fora single-crystal ultrasonics studyf TaGo.oo

327 [29] and a neutron inelastic scatteririgdy of singlecrystal TaC [17] which yield 4 =
328 217 r 12 GPa and 4 = 283 GParespectively. The three studies performed onokaC
329 present values of the isentropic bulk modulus between 345 GPa, and 317 GPa [28,
330 30,66] all calculated by extrapolation to full density of ultrasonic experimental studies of
331 porous ceramic materials. If we consider all the available data from elasticity studies
332 including a study of Tagbs[31] the average value of 33513 GPa is compatible with
333 our fitted value only at ¥uncertainty level.

334 Only threeexperimental anthreecomputational studies investigated the pressure

335 dependence of the elastic moduli of kd05, 3133, 36, 37]. The pressure derivatives
336 :0-j 02Zj,sbased on experimentalslies [31, 3237 are equal to 4.970.27,4.0 r

337 0.4and 4 respectively, arate substantially different from our result. Howe\ke,

338 pressure derivative presented in [&l¢alculated from ultrasonics pweeho

339 measurementsf acompressdporous saiple without direct measurements of the sample

340 volume The value reported by [37] is based on a ipgbssure Xray diffraction study of

15



341 nanoparticle TaC, which could have a different elastic behavior with respect to the bulk
342 material(see for instance thmase of Mgd67]), and it has been fixed in the data

343 analysis.The results of [32] are based on a similar approach as the one used in the present
344 study and the large disagreement deserves a more detailed explanation. Liermann and
345 coauthorg32] performedhigh-pressure Xray powder diffraction of Ta§sscompressed

346 in the diamond anvil cell using Al as a pressure transmitting medium. Even though Al is
347 a metal with low shear modulus at ambient conditions, it represents a strong pressure
348 medium if compared tble at pressures of tens of GPa. The use of strong pressure media
349 unavoidably produces deviatoric stress in the sample chamber. In acagldffraction

350 geometry the crystallites which contribute to the measured signal are those with

351 diffracting vectorqthe directions normal to the diffracting lattice planes) close to

352 perpendicular to the diamond axes, and thus subject to deviatoric ext@aktve to

353 the ideal hydrostatic straif§8]. This causes underestimation of volume compression and
354 overestimation of the material bulk modulug,[68]. In addition to this, the value of bulk
355 modulus and pressure derivative at ambient conditions obtained by fittingiegsure

356 X-ray diffraction results suffer from traddfs between the two coefficienof the fitted

357 equation of stategP]. In order to better compare the results of the two studies we have
358 plotted the difference between thé/Rsotherms calculated using the two sets of

359 parameters and a common starting voluRigyre6). This procedureorresponds to

360 comparingpressureslong thewo isotherms at the same vadud compressionThe

361 difference between the two compression curves is within three times the average

362 uncertainty of our data if we include the error propagated from theeilhitolume

363 uncertainty. If we consider that the experimental uncertainties on pressure acellunit

16



364 volume in [32] are of the same order of magnitadthe one in our dataset, the

365 disagreement between the two isothermal equations of state is withecifrocal

366 uncertainties. The similarity between the compression curves ofsgaf TaG.os

367 suggests that, within experimental uncertainties, the isothermal compressibilityxcadtTaC
368 300 K is only marginally sensitive tow levels of nonstoichiometr(0.98 dx < 1).

369 The pressure derivative of the bulk modulus from the four ab initio computational studies
370 with local density approximation (LDAB3], generalized gradient approximation (GGA)
371 [36] and withbothapproximatios [16, 37]is in all cases substantiasmaller (between
372 29% and 42%) than our resuttowever, this is partially compensated by thaiger bulk
373 modulusat room pressurd he discrepancyetween our experimental results aiu

374 initio computationould be due tthe presencen our sample materiabf acomplex

375 defect structurén addition to slight nosstoichiometry which includedlislocations, grain
376 boundaries and microstrains associated to thedeed it has been observed that carbon
377 defective Tatceramics show highenechanical strength than stoichiometric T&8C [

378 The characterization of defectates and their energetiosTaC has been subject of

379 several computational and theoretical stufif€s71]. A recent studyas shown that

380 increasing C vacancies concentatreduces the elastic moduli of TdZ2]. However,
381 itis not yet clear what effethis deficiency hasn the pressure dependence of bulk

382 modulus.The isothermal compression cunasall theexistinghigh-pressurestudiesof

383 TaG[16, 3133, 36, 37Jarecalculated with the same procedure as for [32] (see above)
384 andcompared with ours iRigure6.

385

386 B.P-V-T equation of state of TaGo
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408

409

Our full high-pressure / higitemperature dataset places a strong constrain on the value of
U= 1.2 r0.1. In the framework of the BireMurnagharDebye model this coefficient is

the thermodynamic Grineisen parameter at ambient conditions. This vatiained by

fitting both our full dataset, or after removing the 3 data points at 6.0, 6.8 and 8.2 GPa
and 673 K and the 5 data for 32.9, 34.9 36.1, 37.9 andGd8a@nd 1073 K due to their
nonideal geometry (see section 2. Materials and Methods). Oufibeslue of

Ucompares very well with the value of the elastic Griineisen pararggget. .22

determined for polycrystalline Ta@s by ultrasonic techniques [31]. However, the elastic
Grlneisen parameter is the average value of the volume deperadéhe acoustic

phonon frequencies at the Brillouin zone center, a parameter which is different from the
thermodynamic Griineisen parametgy; L U 4 ©ké% o(where Uis the volume thermal
expansion coefficient; is the isentropic bulk modulugis density and4is the

specific heat at constant pressure) which controls the thermal pressure contribution in the
P-V-T equation of state. The value of the thermodynamic Grlineisen parameter at
ambient conditions calculated from the published thermbelaperties of Tac(Table

V) ranges between 1.47 and 2.34, that is 30% to 90% larger than tHi¢ esie to our
experimental dataset. The reason of this difference is clearly due to the limitations of the
Birch-MurnagharDebye model to describe thigermal energy contribution in Taes.

The high temperature study of the elastic properties 0.9y Jun and Shaffer [30]

shows that the thermodynamic Griineisen parameter has very strong temperature
dependence below 600 K at ambient pressure widgceease from 1.48 at 300 K to 1.2 at
600 K, and then it remains almost constant at the value of 1.2 at temperatures as high as

1500 K. On the opposite, Peng et al. [36] who use the Debye model and-hajuasnic
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431

approximation obtainJslowly increasingvith temperature at ambient pressufg(re

7).

The quasharmonic approximation underlying our equation of state assumesithaot
explicitly temperature dependent (it is indeed temperature dependent through its volume
dependence). This approxinmat seems to hold for Ta( at temperatures above 600 K.
The result of the fit to our 673 K and 1073 K isotherms constrains an effective high
temperature value of the ambient pressure thermal Griineisen parameter, which is more
consistent with the resultd high temperature ultrasonics measurements [30] rather than
room temperature ultrasonics [30, tlcomputations [36]

The value ofMthe logarithmic volume derivative of the Griineisen parameter, is poorly
constrained by our higtemperature dataséithe besfit value of Ms strongly affected

by the highest pressures data along the 1073 K isotherm. The fit to our full dataset yields
M= -0.3 r 1.4, while excluding the neitleal data points at 32.9, 34.9 36.1, 37.9 and 38.8
GPa at 1073 K from thetfyields M= 1 r 2 (see also results). The average RMS misfit of
the full dataset (50 data points) is 0.46 GPa, that of thedsah 5 data points is 0.59

GPa while that of all the others is 0.44 GPa. Theideal data points have a 34% higher
disagreenent with the fit than all the rest of the dataset. We interpret this as a systematic
bias probably connected to the Adeal geometry in these measurements, and we
consider the result of the analysis of the reduced dataset as our best fit result. The fit
results are instead unaffected by including or excluding the 3deah data points at 6.0,

6.8 and 8.2 GPa along the 673 K isotherm. Based on the overall fit of the model

isotherms at 673 K and 1073 K, a valueMdose to unity is a good approximatiof the
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454

logarithmic volume sensitivity ofin the high temperature regime (T > 600 K). This
corresponds to:

as; (.80, (4)
where Q{” is the hightemperature, ambient pressure valudJsf1.2 r 0.1 based on our
fit (see discussion above@represents volume ang, the volume at ambient conditions.
In conclusion, our B/-T model is able to successfully describe the pressucdume +
temperature relationship for Tagat 296 K and in the gh-temperature range between
673 and 1073 K at pressures as high as 35 GPa, while we expect that it fails to describe
the highpressure behavior of Tagin the é800-600 K temperature regime, especially
at low pressures. The parameters for the-teghpeature equation of state of Tagsare
reported in Tabldéll. The extant published results for T.e&ereportedior comparison

in TablesIV and V.

V. CONCLUSIONS

Our extensive experimental investigation gives new information aboabthpression
behavior of TaGgounder very high pressures and temperatures in the diamond anvil cell.
a) We have constrained the parameters of tkfeTPequation of state of TaGsto 1073

K and 2 GPa. The ambient pressure derivative of the bulk modsilsigbstantially

higher (50%) with respect to previous studies at the same composition. The
thermodynamic Griineisen parameter refined from our results is lower than the available
data at ambient conditions, and it seems to be consistent with the expalringin
temperature limit. The approach used here of determining isothermal EOS data from x

ray diffraction data collected in the radial diffraction geometry under nonhydrostatic
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conditions is novel and shows the potential of this technique, in partibelase of
ceramic gaskets that are more stable at higher temperatures and the lack of a hydrostatic
compression medium. Thus, the technique is ideally suited to characterize the-thermal

elastic properties of hard materials such as transition metal earbid
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Figure captions

Figure 1. X-ray diffraction of TaGescompressed in Ne prasre transmitting medium to
19.7 GPa at ambient temperature. (&)X diffraction image; (b) Integratgzhttern
and LeBail calculated best fit spectrum. The bars underneagiatteznare the
calculatel positions of the diffraction peaks of Ta@d of gold (used as an internal
pressure standard). The misfit is also plotted as the difference between calculated and
observed amplitudes.

Figure2. Radial Xray diffraction of Ta@G.escompressed without pressure transmitting
medium to 29.4 GPa at 10K3 (a) X-ray diffraction image; (b) Sequencepatterns
integrated from %azimuthal sectors and the fitodel calculated by MAUD software
(the arrows indicate the compression direction parallel to the diamond anvils axes).

Figure3. Example of radial Xay diffraction measurement in nateal sample
geometry. (a) Sequence of azimuthally integrgi@iterndrom the radial Xray
diffraction image collected at 38.8 GPa and 1073 K. The direction of the diamond
axes (red arrow) does not correspond to thatatimum strain of the sample (white
arrow); (b) ldeal case (29.4 GPa and 1073 K) the direction of maximum strain
corresponds to the diamond axis direction.

Figure4. Isothermal compression of Tagsat ambient temperature (296 K). The dataset
used forttH DQDO\VLV LV WKDWLIRT H[BHWRHNOQW7X’HD & DWD FRC
decompression were not used for the fit of thé &quation of state.

Figure5. RV-T compression behavior of Tag. The data used for fitting are colored as
a function of the experimental temperature following the cedatedisplayedn the

legend. The curves are the bésmodel RV isotherms at the temperatures of the 3
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629
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datasets (296 K, 673 K, 1073 K). The wHitked symbols correspond to data points

in nonideal geometry (see text), which were not used for the fit.
Figure6. Comparison of the 296 K-YP equation of state of Tafgowith the other

available models for Ta@ompositions. The disagreement is expeelsas the

difference between the pressures calculated for the different models and our equation

of state at the same values of Eulerian strain. The differences are plotted versus the

pressure calculated with our equation of state (in absciaghe legHQ G 3H[S’

LQGLFDWHY H[SHULPHQWDO VWXGLHV 3')7" LQGLFDWHV F

functional theory.
Figure7. Temperature dependence btasthermodynamic Grineisen parameter at
ambient temperature. The results from ot are compared witthe other

available results from experimental and computational studies.

Tables titles
Table I. Experimental condition of the fourrdy diffraction dataset$ & RO G FR

the maximum sample pressure before starting heating.

PSU " LV

Table Il. Summary of thall the experimental results from all tteee UXQV 3VWGHY 3

V-7TD& LV WKH FRPSOHWH XQFHUWDLQW\ RQ SUHVVXUH LC

uncertainty on the unitell volume of TaGges X<Q>" Lthé isotropic aggregate value

of Q, a measure of thérain due to theleviatoric component of the stress applied to

the sample (see maintex39 ILW° LQGLFDWHY ZKHWKHU WKH GDWD

not in the isothermal (296 KY®P HTXDWLRQ RI VWDWH ILW

the data points were u$er not in the P/-T equation of state fit.
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632 Tablelll. Best fit parameters of the\P-T equation of state of TaGsbased on our
633 experimental data.

634 TablelV. Comparison of our bedit thermoelastic parameters for Tadsand all the

635 DYDLODEOH OLWHUDWXUH GDWD 3(" LV WKH LVRWURSLF
636 LV WKH LVRWURSLF DJJUHJDWH 3RLVVRQYV UDWLR $00 \
637 conditions.®The elastic coefficiestare not presented in the original pape

638 *Parameter fixed in the analysis of the data.

639 Table V. Summary of the available results about the thermal properties ofrdaCthe
640 literature.

641
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642 Tablel

643

Experiment TaC-Ne TaC-HT1 TaC-HT2
Diffraction geometry Axial Radial Radial
X-ray Wavelength (A) 0.2966 0.4847 0.4847
DAC type Symmetric P-C modif. Mao-Bell modif. Mao-Bell
diamond anvil culet ( An) 300 300 300

P transmitting Medium Ne no no

P calibrant Au, ruby Au Au
Temperature (K) 296 673 1073
N data points 20 22 25
Max P (GPa) 43.6 33.6 38.8
Exp time (s) 20 4 4
Max membrane P (bar) 28.4 58.9 65.0
Exp duration (h) 3 5 6
Cold compr. (GPa) 2.4 2.6
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644 Table ll

stdev P +V

Experiment T (K) P (GPa) V (A3 TaC (GPa) <Q> PV fit PVT fit
TaC-Ne 296 5.1r0.1 87.06r0.01 0.19 -- yes yes
TaC-Ne 296 6.4r0.2 86.71r0.02 0.31 -- yes yes
TaC-Ne 296 10.3r0.1 85.7910.02 0.22 -- yes yes
TaC-Ne 296 11.6r0.1 85.4710.02 0.20 -- yes yes
TaC-Ne 296 145r0.3 84.81r0.02 0.35 -- yes yes
TaC-Ne 296 17.3r0.5 84.21r0.04 0.67 -- yes yes
TaC-Ne 296 19.7r0.6 83.82r0.04 0.82 -- yes yes
TaC-Ne 296 22.210.6 83.35r0.04 0.84 -- yes yes
TaC-Ne 296 24.610.5 82.91r0.04 0.74 -- yes yes
TaC-Ne 296 27.1r0.4 82.43r0.04 0.66 -- yes yes
TaC-Ne 296 29.5r0.5 82.02r0.04 0.76 -- yes yes
TaC-Ne 296 31.6r0.5 81.64r0.01 0.60 -- yes yes
TaC-Ne 296 34.1r0.6 81.21r0.01 0.64 -- yes yes
TaC-Ne 296 36.4r0.8 80.83r0.01 0.82 -- yes yes
TaC-Ne 296 38.4r0.6 80.4810.01 0.66 -- yes yes
TaC-Ne 296 40.8r0.8 80.07r0.01 0.81 -- yes yes
TaC-Ne 296 43.6r0.7 79.6310.01 0.77 -- yes yes
TaC-Ne 296 38.9r0.8 80.47r0.01 0.83 -- no yes
TaC-Ne 296 32.0r0.7 81.72r0.02 0.68 -- no yes
TaC-Ne 296 18.8r1.0 84.11r0.04 1.06 -- no yes
TaC-Ne 296 0.0001 88.478r0.003 0.001 -- yes yes
TaC-HT1 673110 7.4r0.3 86.95r0.10 0.68 0.0009 no yes
TaC-HT1 674r10 6.0r0.3 87.10r0.11 0.70 0.0010 no no
TaC-HT1 673110 6.8r0.3 86.891r0.09 0.64 0.0011 no no
TaC-HT1 673r10 8.210.3 86.681r0.09 0.66 0.0012 no no
TaC-HT1 673110 9.4r0.3 86.4610.11 0.75 0.0014 no yes
TaC-HT1 682 r10 11.0r0.3 86.17r0.10 0.72 0.0015 no yes
TaC-HT1 673110 12.6r0.3 85.71r0.11 0.78 0.0018 no yes
TaC-HT1 673r10 15.3r0.4 85.13r0.10 0.81 0.0022 no yes
TaC-HT1 673110 17.4r0.4 84.61r0.11 0.89 0.0024 no yes
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TaC-HT1
TaC-HT1
TaC-HT1
TaC-HT1
TaC-HT1
TaC-HT1
TaC-HT1
TaC-HT1
TaC-HT1

TaC-HT2
TaC-HT2
TaC-HT2

TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2

671r10
667 r10
672r10
672r10
673r10
673r10
673r10
672r10
674 r10

297
297
297

1073 r10
1072r10
1074 r10
1073 r10
1069 r10
1071 r10
1072 r10
1073 r10
1073 r10
1072r10
1056 r10
1075r10
1074 r10
1075r10
1073 r10
1074 r10
1073 r10
1073 r10
1072r10
1073 r10
1074 r10

20.0r0.4
23.610.4
26.510.4
28.410.5
30.7r0.5
32.210.5
33.0r0.5
33.610.5
24.610.4

1.9r0.3
1.8r0.3
2.610.3

2.910.2
3.0r0.2
3.0r0.2
2.9r0.2
2.9r0.2
2.810.2
2.9r0.2
3.0r0.2
3.110.2
3.210.2
3.210.2
3.710.2
11.3r0.3
11.4r0.3
12.0r0.3
13.4r0.3
14.7 r0.3
179104
20.7r0.4
23.310.4
25.410.4

83.9910.10
83.3910.11
82.8410.10
82.4210.11
81.9610.10
81.5210.10
81.5110.09
81.54r0.11
83.0910.11

87.98 r0.05
87.98 r0.05
87.80r0.06

88.5710.13
88.4710.12
88.46r0.12
88.5410.12
88.5410.13
88.5810.12
88.6610.12
88.66 r0.13
88.68r0.13
88.66 r0.11
88.5910.12
88.4810.12
86.2910.11
86.2310.11
86.0810.13
85.7710.13
85.4910.12
84.7510.12
84.2010.13
83.7310.14
83.3510.12

0.89
0.97
0.99
1.07
1.04
1.10
1.05
1.16
1.00

0.43
0.44
0.49

0.67
0.63
0.64
0.65
0.65
0.61
0.64
0.68
0.66
0.61
0.63
0.65
0.75
0.76
0.85
0.88
0.85
0.92
0.99
1.07
1.01
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0.0030
0.0035
0.0040
0.0041
0.0044
0.0046
0.0047
0.0042
0.0014

0.0006
0.0005
0.0007

0.0012
0.0017
0.0016
0.0013
0.0014
0.0015
0.0015
0.0016
0.0014
0.0015
0.0018
0.0020
0.0027
0.0029
0.0030
0.0033
0.0036
0.0039
0.0040
0.0041
0.0042

no
no
no
no
no
no
no
no
no

no
no
no

no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no

yes
yes
yes
yes
yes
yes
yes
yes
yes

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
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646

TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2
TaC-HT2

1072r10
1073 r10
1075r10
1074 r10
1073 r10
1073 r10
1072r10
1073 r10

27.510.4
29.410.4
31.5r0.5
32.910.5
34.910.5
36.110.5
37.810.5
38.810.5

82.9510.14
82.65r0.12
82.3810.12
82.0410.12
81.7810.12
81.5210.13
81.2810.12
81.0910.14

1.15
1.12
1.15
1.14
1.21
1.29
1.25
1.37

0.0042
0.0043
0.0043
0.0044
0.0046
0.0046
0.0048
0.0049

no
no
no
no
no
no
no
no

yes
yes
yes
no
no
no
no
no
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647 Table Il

This study Parameter 1 Vstdev
Vo (R3) 88.478 0.020
Ko (GPa) 305 5
(dKr /dP)o 6.1 0.5
%o 12 0.1
Q 1 2
T (K) 567 10
648
649
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650 Table IV

651

Reference Ref.# Method Composition Vo Density Ko G (dK/dP) o E Poisson's
(A3 (g/cm®)  (GPa) (GPa) (GPa)
This study A-XRD + R-XRD TaCo.99 88.478  14.448 305 r5 6.1r0.5
Thin rod Ultrasound
Brown et al. (1966) [28] resonance TaCo.994 88.424  14.489 344 216 537 0.24
Bartlett & Smith (1967) [29] Ultrasound pulse-echo TaCo.90 14.65 2177 120125 304 r64 0.27
Jun & Shaffer (1971) [30] Ultrasound resonance TaCo.90 88.359  14.496 345 216.8 537.7
Smith & Glaser (1973) [17] Neutron Inelastic Scattering TaC 88.448 14.491 283" 194 474 0.22
Bukatov et al. (1975) [66] Ultrasound pulse-echo TaCo.99 317 227 552 0.21
Dodd et al. (2003) [31] Ultrasound pulse-echo TaCo.ss 14.478 332139 234127 4.9710.25 567 r68 0.215
Liermann et al. (2005) [32] A-XRD (AIPTM) TaCo.ss 340115 4*
A-XRD (nonhydrostatic) TaCo.ss 347112 4*
A-XRD (all data) TaCo.os 34519 410.4
Lopez de-la-Torre et
al.(2005) [33] Ultrasound resonance TaC 14.64
DFT (LDA) TaC 85.533  14.985 36514 3.610.2
DFT (GGA) TaC 92.652 13.833 31814 191 550 0.21
Wu et al. (2005) [34] DFT (LDA) TaC 85.184  15.046 357 215 536 0.25
Shanoun et al. (2005) [16] DFT (LDA) TaC 84.605  15.149 397.6 390 3.64 882 0.13
DFT (GGA) TaC 89.915 14.254  318.98 313 4.34 708 0.13
Isaev et al. (2007) [13] DFT (GGA) TaC 89.315  14.350 324
DFT (GGA)+Debye-
Lu et al. (2007) [35] Gruneisen TaC 317 162 514 0.23
Peng et al. (2009) [36] DFT (GGA) TaC 94.756  13.526 311 188 4.32 470 0.248
Li et al. (2011) [15] DFT (LDA) TaC 86.586  14.802 365.3 168.8 438.8 0.3
DFT (GGA-PBE) TaC 95.069 13.482 304.9 120.9 320.3 0.32
DFT (RPBE) TaC 95.194  13.464 303.1 120.6 319.5 0.32
DFT (PW91) TaC 95.256  13.455 302.3 117.6 312.3 0.33
Chen et al. (2013) [837] A-XRD TaCnano 88.478 14.486 4337 4*
DFT (LDA) TaC 88.478  14.486 37113 274 4.29 660 0.21
DFT (GGA) TaC 88.478  14.486 310r2 221 4.25 537 0.21
Liu et al. (2014) [38] DFT (GGA) TaC 96.072 13.341 293.5 166.4 491.8 0.221
Sai Gautam et al. (2014) [39] DFT (GGA-PBE) TaC 87.884 14.584 344 229 563 0.227
Yu etal. (2014) [6] DFT (GGA) TaC 89.315 14.350 340 214 531 0.24
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652 Table V

Reference Ref.# Method Composition Density Ce D ‘l Vo
(g/cm®)  (10°K?1) (IKIMolh)  (K) (A3

Houska (1964) [20] EXP TaCuio2 14.538 18 88.270

Kempter (1969) [19] EXP TaCo.994 572

Kelley (1940) [21] EXP TaC 36.66

Elliott & Kempter (1958) [22] EXP TaCo.984 14.491 19.77 88.360

Jun & Shaffer (1971) [23] EXP TaCo.99 20.01

Jun & Shaffer (1971) [30] EXP TaCo.99 14.496 556 1.47 88.360

Dodd et al. (2003) [31] EXP TaCo.os 14.478 593 r71

Lu et al. (2007) [35] COMP TaC 808 2.34

Peng et al. (2009) [36] COMP TaC 13.526 21 541 2.08 94.760

Liu et al. (2014) [38] COMP TaC 13.341 509.4 96.07

Sai Gautam et al. (2014) [39] COMP TaC 14.584 38.93 588.3 87.883

Frisk & Guillermet (1996) [24] COMP TaC 36.61 551
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TaC, 4, at 29.4 GPa, 1073 K
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