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Abstract

Strength, texture, and equation of state of hexagonal tungsten monocarbide (WC) have been
determined under quabidrostatic andhonhydrostatic compression to 66 GPa using angle
dispersive Xray diffraction inthe diamond anvil cellQuasihydrostatic compression in a Ne
pressure mediurdemonstrates that nanocrystalline WC is slightly less incompressible than bulk
scale WC, withrespectivebulk modul of Ko = 397 + 7 and377+ 7 GPaandpressure derivativwe
Kod 3+ £ 0.3 and3.8 + 0.3. This decrease in incompressibility with grain sigesimilar to
behavior observed in other ceramithder nonhydrostatic compressidNC supports anean
differential stress 0f12-15 GPa at plastic yielding, which occurs at ~30 G&aength in WC is
anisotropic, withthe (001) planesupporting29-42% higher stresshan stresgs calculated from
mean strin. Simulationsusing an EstoViscaPlastic Self-Consistent mode(EVPSC)indicate
that strength inferred from lattice strain theory may be overestinthte to effects of plastic
deformation.Plastic deformationgenerates #exture maximum nedxp pGin the compression
orientation initially throughprismatic slip on thep pm dpgpnGand p prt ot T ©4ip systems
followed by activation of pramidal slipon p mp &p p@t ~4050GPa
Keywords: strength, deformation, EOS, ceramics, tungsten carbide
1. Introduction

Tungsten monocarbide is a transition metal carbide used extensively in industrial and
research technology because of an abundance of useful physical properties, including high strength

and hardness, ultiacompressibility, wear resistance, damigh melting temperaturgli 5].
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Because of its high strength, synthetic WC is used as a sturdy backing for abrasives on modern
industrial cutting toolsjn wearresstant coatingg6i 9], and in the manufacture of anvils and
support structures in higbressure apparatusds10, and e.g. 11Jmproving the strength of parts
made from WCand extending the pressuiangeaccessible byigh-pressure devices aeetive
area of researcie.g. 12,13] WC is alsoone of the least compressible materials known, with a
bulk modulus comparable other incompressiblmaterialssuch aOs-borides, cBN, and cRuO
[7,14i 16]. WChas also been useful to highessure/temperature redox chemistryasoriginally
discovered via reduction atingsten oxid¢l7,18], areactionthatdefineshe WGWO redox buffer
used in geochemistfif9],andal so occurs natwurally in Earthos
gusomyite [20]. Despite these remarkable properties and widespread applications, the strength and
deformation mechanisms of Wifhder extremeuasistatic stresiave not been studied.

Constraints orthe equation of state (EOS) of WC are important for understanding its
response to extreme conditions and chemj&tt}. Experimentalwork on WChasreportedvalues
of theambientpressuréoulk moduls Ko, ranging from329-452 GPd2,22] depending on method
and grain size of WCEOS measurements for WiBased on Xay diffraction of samples
compressed in a multianvil devicader hydrostatic conditions with higamperature annealing
have been reported to 30 GRA]. Relative to these measurementgpearimentsonductedn the
diamond anvil cell (DAC) have yieldeystematicallhighervolumes and incompressibility under
pressurepossibly due tmonhydrostat stress Recent firstprinciples studiegrovide \aluesfor
Ko for WC that mostly cluster in the center the experimentatangefor WC ~380390 GPa
Additional experiments are needed to reconcile these differencasserved and predicted bulk
compression behavior

Nanagrainsize WC was also suggested tanmech more incompressible than bigjkain
size WG with Ko ~452GPa, similar to diamonf2]. In generaleffects of nanoscale grain sizes on
bulk incompressibility are natlearly systematica few-10snm grain sizecubic BN [23], AlO3
[24] and TiQ [25] have been observed to less itompressible than bulk sampleghile nane
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grain-sizednoble metals Au, Ag, and Bppear more incompressililean micronscale grain sizes
[16,26,27] For other materialsuch as Fe, TiC, and Tibservations suggestatgrainsizeshave
either no effect or nonmonotonic effects on bulk mod[28830].

Anisotropic elasticity of WC has also been studied by both experiments and theory, but
limited high pressure constraints are availablee elastic sffness coefficientss; for WC have
been studied at ambient conditionsxperimentally [31] and computationally [2,8,3236].
Theoreticaljs as a functioof pressurédnave beerromputedto 100 GP435,36] andagree well
with previous experimental values at ambient conditions, with the exception, aktich is
consistently predicted to be ~100 GPa lower ttianexperimental valu¢31]. The pressure
dependence of thgs of WC has not been measured experimintand experimental tests of
theory are required

The highstrengthi.e. maximum stress before transition from elastic to plastic deformation
of WC and otherstrong metatlight elementcompoundsis linked to covalentonding which
impedesdeformation mechanisms common in metaishexagonadgl ¢ WC, carbon atoms are
positionedasinterstitial layersin what would be an otherwise softer (though among the strongest
of all metals) hexagonally closgsacked subattice of W atoms[37,38] This interstitial
positioning combined with the density of valence electrons promotes strong covalzhbding
[5,38]. In addition, the incompleted®andin W atoms promotes replacement of the softer metallic
W-W bonds by WC covalent bonds, increasing the hardness and incompressibility ofMt@e
to WN, which hassimilar structure but different valence staf@3]. The interstitial C atoms also
impede the movement of dislocations within the lattice dustrgnand act to prevent basal slip,
which is commonly observed in hexagonal materid®. Slip atambientconditionsactivatesin
the closespacked directions and is prismatin p prt &t 1t 1©4nd p @ & ppnQ and Burgers
vectord;, pghas been noted as dislocation decompositiodt @dnd39,40] This blocking of
common slip systems and dislocation motion in gemecat¢asérardness and strengthiboypeding

plasticity [5]. Ultimately, there is still sufficient metallic characwichthat WConly reaches a
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Vickers hardness of ~30 GR41,14] making WC harder than many industrial ceramics, but
substantially softer than superhakdakers hardness 40 GPa) materials like diamoifelg. 42]
and cubic boron nitridg43,44] However, at high pressures, the strength, hasinend slip

mechanisms of WC have not been studigetause the highressurecompressiveyield strength

is related to both hardness and bulk modulus, WC is expected to yield at lower stress relative to

superhard materials, but comparable or higher sthessyielding in other ultrencompressible
ceramicsElastic and plastianisotropy induced by interstitiahrbonlayers maytranslate intslip
strength anisotropy in the WC lattice.

To characterize the strength, deformation, and the equation obEWtE with pressure,
we compressed hexagonal WC powdiegbulk (microcrystalline)and nanocrystalline grain siae
pressures up 6 GPaat room temperatusgith X-ray diffraction in the diamond anvil cell (DAC)
Complementary ElastWiscoPlastic Self Casistent (EVPSC) simulatioron textures and lattice
strainswere carried out taleterminethe plastic deformation mechanisms and strength at high
pressuresonsistent with new experimental dafaurresultsextend the pressure range of tluast
hydrostatic EOS of WC to%and64 GPafor bulk and nanocrystalline WC, respectiveind offer
new constraints on strength and plastic deformatienhanismesf WC.

2. Experimental Details
2.1 SamplePreparation and Loading

Microcrystalline(Alfa Aesal) and nanocrystalline (InframatgkagonalWC powdeswere
usedas sample materialfnitial grain sizes of these materials were determined to der.and
54 nm based orRietveld refinemenof ambientX-ray diffraction(XRD) patterng45] collected
using a Bruker DaVinci D8powder diffractomé¢ e r wi t h  Cat thellighiganoState c e

University Center for Material Characterization

Volumetric compression under hydrostatic conditions and strain and texture development

under norhydrostatic conditions were investigatedMC in diamond anvil cks. For hydrostatic
experimentsWC powder was loadedith Au (internal pressurestandard Alfa Aesal) and ruby
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(internal pressurstandard used to confirm succesga$ loadingADFAC) within a Ne medium
using the COMPRE&SECARS gafoading apparatud46]. Each sample vas enclosed bya
rhenium gasket prandented to-40-e m t h i wittkk~156-s gsample chambendcompressed
in symmetric DAG with anvilswith 300e m ¢ UFbrednisydrostatiexperimentsyWC powder
was packed without a medium and A foil standardwas placed on topAn X-ray transparent
beryllium gaskepre-indented to 32 nwith a 1008e rrdiametersample chambermole wasused
with a 2-pin panoramic DAC with 30@ m a n v i Gasketawerenachinedusing theHPCAT
lasercuttingfacility [47]. Samples were compressed 1@ GPa steps up to maximum pressure of
66 GPawith pressurat each step calculated using the equation of state fp48}u
2.2 X-ray diffraction in the DAC

Upon compressionyachrotronX-ray diffractionwas obtainedsingboth axial diffraction
geometnyin asymmetric DAC in which the Xay probe was parallel the loading axigboth grain
sizes) and the radial diffraction geometiry apanoramic DAC in which the incident-pays were
perpendicular to the loading aXlsulk WC only) Angle-dispersive Xray diffraction (ADXD) was
conducted at the HigRressure Cédborative Access Team (HPCAT) beamline at Argonne
National Lab, Sector :BM-D. X-rays monochromatized to 40 keak{al experiments) or 37 keV
(radial experiments) were focused t6-4 nspot sizauising KirkpatrickBaez focusing mirrorand
collimated using90e m pi nhol e. Di f f r ac tfar @080sgna MAR2306 s wer e
image plate detectoDetector geometry wasalibratedusinga CeQ standard

Diffraction patterns were masked #&iminate saturated intensitandintegrated to D
profiles using Fit2D[49] or Dioptas softwarg50]. For datacollected in the axial geometry
diffraction peaks were fito Voigt lineshapesising the gorProMultipeakFit moduleFor analysis
of datacollected in the radial geometrgach pattern was divided into 5° azimuthal wedges over
the full 360° azimuthal rang®r full-profile Rietveld refinement with Materials Analysis Using
Diffraction (MAUD) software[51,52] The synchrotron instrumerparametersn MAUD were
refined using theCeQ standardSample parameters, includinglpnomial backgrounddattice
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constantsgrain size and microstructure wenm@finedat eachpressurestep.Strain was fitat each
stepf or WC and Au using tbDACGRmddel . DTbfiractude
number of diffraction lines from WC in our calculations and to minimize the effects of peak
overlap, Qvalues for higheprder parallel planes were fixed equal to the lowest order plane to
which they were paralleBe ard BeO phasegt 1 barwere included in the refinement to model
diffraction from thegasket peaksTexture in all phases wa# using the Entropymodified
Williams-Imhof-MatthiesVinel (E-WIMV) texture model [53,54] with an imposed fiber
symmaery. Theorientation distribution functio(ODF) was exported from MAURNd inversgole
figures were plotted using tBEARTEX software[55]. Pressure was calculated from unit cell
volumes of Au determinedyy fitting the (111) diffraction peak in the 5° azimuthal wedge
containing the hydrostaticangle = H 4. 7 A
3. Results andinterpretation

Representativeiffraction patterngor bulk and nanarystalline WCcompressed in Nare
presented iifrig. 1. All observed diffractio peaks correspond to the WC sample, Ne medium, Au
pressure standard, and Re gasket. Ne peaks (highly textured spots) and diamond spots were masked
to remove overlap with WC sample. Only roverlapped WC and Au diffraction lines were used
to determine unicell parameters. Lattice spacings for WAD1,100,101,110,and 11} and Au
(111, 200, and 290were fit by least squares with UnitCell Softw#sé]. The resultingunit cell
volumes forboth nanecrystallineWC and bulk WC are presentedig. 2.
3.1Equation of state and linear compressibility

Volume-pressuralatacollected in the axial geometfgr WC compressed in Ne medium
(Fig. 2) werefit to a 39 order BirchMurnaghan equation of state (BY)FieldingEOS parameters
tabulated with previous work ihable 1.Previous studies in the DAC repdrigherKo but lower
Kobthan calculated in our work or the work biygasov et al[10]. Our results use the pressure scale
of Dewaeld48], and yield pressures3-5% higher pressures than the pressure scales ofao
and Heinz and Jeanl§z8] used by other workeré\djusting previous results to the Dewaele ruby
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scale wouldncrease the apparent disparitykpvalues In addition to norhydrostatic sessand
choice of pressure scalthe tradeoff betweenKo and Kq6 during EOS fitting is responsible for
some of thalifferencebetweenreportedvalues for the EOS parametéFsg. 3). Combined with
independent measurementseadésticity from ultrasoni¢l,7] and shock wavé¢59] studies, the
consensusalue forKg is ~380-400 GPawhich isconsistent withour bulk Ko obtainedfrom the
EOS fit, 397(7) GPa whe¥ is fit to 20.76 3. The range oKo0mostconsistent with our data and
the consensukj is ~36-4.3. In comparisondensity functional theoryOFT) predictionsusing
both the local density approximatioii.DA) and generalized gradient approximati¢B8GA) all
predictKob > 4 [2,8,21,35,36] When highewalues forV, are fixed during the EOS fit to high
pressure dataye alsoobtainKq6> 4 consistentwithin uncertaintywith our resultFig. 3). Our
experiments indicate that the bulk modulus of rerystalline WC is lower than that dfe bulk
materia] and consistent witthe consensus of ultrasonic, shock wave, and DFT.EOS

The ratio of thenexagonal lattice parameteys can indicate a convolution of anisotropic
elasticity and anisotropic stres@ur experimental values foc/a in bulk WC compressed
hydrostatically in Ne medium indicate a systematichillyer ratio thanotherDAC XRD studies
that employedchonhydrostatic ndia (Fig. 4). Again, note that axial XRDn the DAC samples
crystallites oriented near the direction minimum stress Anisotropic stress combined with
anisotropic elasticityvill result in systematic differences lattice parameters anda calculated
from diffraction linesat the minimum stress orientatioBystematically highec/a ratio from
studies of WC under nemydrostatic compression in the axial geométigicatesanisotropy in
linear compressibilityThelinear compressibilities, anda. may be determined from their relations

to thebulk modulusand the pressure dependence ofcfaeatio in a hexagonal materig0,61}
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Under hydrostatic conditionyeéc/aratio of WC increases neimearly with pressure, so the slope

of its pressure dependence cannot be accurately represented with a constambwddtermine

the pressure dependencecd we determined lattice parameterandc andK(P) from the quasi

hydrostatic diffraction datdit a leastsquares 'S order BME to parametera and ¢ to obtain

parametera(P)andc(P), and computed numerical derivativefghe ratioc/aat each pressure step.

Experiments and theoretical computations agree thatatidirection of WC is more

compressible thao Our BMEfit of lattice parameterfor WC yieldslinearambientbulk moduli

of Ka = 366 GPa and K= 456 GPa for bulk WC and k= 359 GPa and K= 407 GPa for

nanocrystalline WCThe value of K for nanocrystalline WC compressed in Ne mediurovger

than for bulk WC, andower thanthe valuereported in previous experimerda nanocrystalline

WC [2].

3.2 Differential Stressand Elastic StiffnessCoefficients

Without a hydrostatic mediung samplein an opposed anviblevice such athe DAC

sustains approximatelyniaxial compressive stresajth a

directio

n of

t

he compressi on

ma X i mu g pasallel te thhes U

b yi[62]hThe différemaao n d s ,

between these stresses is termed the differential dimemsler to characterize the effectsnoin

hydrostatic stress on deformation of anisotropic materiadsradial diffraction geometrgllows

observation ofstrairs ata wide range foorientationgelative to the orientation of maximum stress

Unrolledma di al

presented irfrig. 5.

i ¢ adbtaided qt setedted pressures upon compressionllofVC are

Diffraction lines of WC under anisotropic straéxhibit varying d-spacing along the

azimuthal angleThe measured-spacingdn deviates fromthe hydrostaticd-spacingd, as a

function of h e

angl e

ynorn@ veutatetinediffractang plane and the loading axds

guantified bythe non-hydrostatidattice strainQ(hkl) for individual lattice planekkl [63,64}

Q XQa

Q "Map

p onél 0 Ma.
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Our detection limit folQ(hkl) is ~8-9x10%, with typical uncertainty up to-8%10*, exemplified by

the strain observed the (201) plane at 16 GHeor materials in the hexagonal crystal sysseith

as WG Q(hkl) is a quadratic functio[64,63,61]of lattice plane orientatioB(hkl), relative to the

loading axis
0 Ma 4 a6 4o, 4
whered "X , in whicha andc are the measured lattice parameters at

pressure, and the;@re the coefficients of the quadratic relationship between Q and B.

In the elastic regimehe stran Q(hkl) is a function of the differential stregsthe elastic
shear modullGgr and Gy under isostress (Reuss bound) and isostrain (Voigt bound) conditions,
respect i,amhstanbetvaeand.5 Bndwhich determines the weight betwe¥oigt and

Reuss conditions.e. stress vs. strain continuity at grain boundd68565].
oy - —— —, (5)

Themean strai@d " oGandrange ofQ(hkl) for different diffraction linesndicatelattice strain
due to increasing anisotropic stradsange iranisotropic elasticity, or botbove the yield stress,
in the viscoelatic regime,Q(hkl) will be modified byplasticity as well

We used fuHprofile refinement in MAUD Fig. 5) with theil Ra di al Di ffracti
DACO stress moQHactors foroeacthld (Fig. 6)mMWith iecreasing pressur@nd
differential stress)Q(hkl) increases for altliffraction lines, and theange ofQ(hkl) observed
increases, wittmaximumlattice strain in WC a{001) and (100) directiongnd minimumattice
strain neaf101) and (112)Up to ~30 GPastrain isincreasinglyanisotropicor WC (Fig. 6€). At
~30 GPa,the effect of pressure d tapers off andanisotropy inQ valuesis due toboth elastic
andplastic deformation.

Fig. 7a illustrates the range of differential stress values obtainedrfalysis assuming

Reussand Voigt bound. In the Reusslimit (U= 1, implying stress continuity across crystallite
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boundaries), mean straih "(Q&and prior constraints on the shear mod@§5] may be used
to determind:

0 @A QNG h (6)
wheref(x) is a function olUand elastic anisotropy factor &cross a range of materiasd crystal
systemd has been shown to have a vatlese tol [e.g. 66] so weadoptf=1 in analysis of WC
Aggregate shear modul@(P) wasconstraired by extrapolation of a linear fit afiltrasonic data
obtained up to 14 GHan 1]. Based on these assumptions, elastic differential stress sustained by
W(C is reported irFig. 10, with error barscomputedbased orthe standard deviatioof Q(hkl) at
each pressure

Average values of differential stress obtained from lattice strain increase with pressure
throughout the entire range of this stGPdy,
at the maximum pressure measured, 66.QMPa slope oft(P) decreasgat ~30 GPaat which
pressure the observed differential stresslBGPa A decrease in slope ¢fP) is consistent with
expected behavior at initiation of plastic flow.

Fig. 7b illustrates Reuss stressasindividual lattice planeg whicht(hkl) is calculated
using equatio® with Q(hkl) for (001), (100), (110), (101), and (111) and thea) shear modulus
"0 "Mdgivenby [63]:

¢co®@a -¢Y Y Y & uUY Y UY Y oY
6 oY ¢Y oY aJYy , @)
where theSijare the elastic compliancdsifferential stres$(001) is substantially higher thi(nkI)
for other planes, supportirZd GPa of differential stress at the yield stre&8% higher than the
Reuss bound differential stress calculated fgdmic éOith theoreticalGg, 42% higher than t
differential stress determined fraf "(Qd0and the aggregate shear modulus
In the elastic regiméhe strain anisotropy froQ(hkl) can also be used tmmputeelastic

compliancesS;. S; at a given pressure may be determined by the vector product of the inverted
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coefficient matrix of the lattice strain equatid@8] with their solution matriXor the hexagonal

system61,63}

I3
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TR v p O, |(pd I o, '.!Y M
1o m ¢ O on 19a jon=11Y » (8)
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Ut m ¢ p nWuy ... Guyvw

Equationg(1-6 and 8) may thus baised tocombineQ(hkl) with independent constraints time
linear incompressibilitieg a andc directionsc. a n d dersved from hydrostatic data above, and
an averag&(P) ort(P), to determine5;s. The elastic stiffness coefficients;$) are obtained from
equivalence relations betweeys andS;s [67].

Calculatedc; valuesfor the full experimental pressure rarage shown in Fig8. Note that
apparent; are modified by convolved effects of plasticity with elasticity on strain behaDiar.
experimentak; arein best agreement withredicted values from DF[I35,36] below the plastic
yield pressure at ~30 GPproviding support for the accuracy of these predictio#sT predicts
that allcj increase with pressuréhe relative behavior @i.andcyz may indicate a minor correction
is needed to DFT predictions. At 16 GPa, our lowest pressure with resolvedcstraimc,s are
~equivalent, as observed by ultrasonic methods at I344r though ultrasonic measurements
obtained slightly higher values for badtfan our high pressure valu€dur observations suggest
thatc,» decreases aemains approximately constant wjihessureln contrast, DFT predicts that
c12 should consistently be significantly greater tltahand should increadaster with pressure
thancis. Both experimental studidmd thatc, is theweakesbf the stiffnessesandthe value of
ci2 derived from radial diffractiomlso may be more likely thams to be affected bylasticity.

Throughout the full pressure rangerh 16 to 66 GPaourvalues forci: andcis continue
to agreewell with theoretical predictions, buats andca. divergerapidly from theory aglasticity
progressescss decreases until it becomes similarcipat ~30 GPa, andis increases rapidly and
remains ~200 GPa higher than predict@&liasticity strongly affects these two stiffnesses.

Significant discrepancies between experimental and theoreticahd a4 even below 30 GPa,
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which based on the differential stress analydisve is interpreted to be wihthe elastic regime
indicate that some plasticity modifies strain behagim@nbelow widespread yielding
3.3 Plastic Deformation

Plasticity may be evaluated based on the textnog-andom orientation distribution of
crystallites)of the samplend lattice strains of a series plaagsbserveds systematic azimuthal
variations indiffraction intensity and dspacing variatiorwith azimuth (Fig. 5). The EWIMV
model implemented in MAUD softwardits intensity variation(texture)in the DebyeScherrer
rings by generating an orientation distribution functitvat describes the frequency of crystallite
orientations within theamplecoordinate systelft8]. The fA Radi al Diffraction |
modelin the MAUD software fits the espacing variatiorwith azimuth to obtain lattice strains.
Deformation mechanisms can be investigatsthg EVPSC simulationswhich model lattice
strains and texture as a functioislip system activitieandstrength.

3.3.1 Texture Analysis

To determine crystallite orientation bulk WC, the E-WIMV texture model was applied
to each phasat each pressure stdgpon compression of W@p to 16 GPa,texture remained
random At 16 GPaweaktexturedevelopgfigs. 5 and10). Texture strengtlscaled irmultiples of
random distributionrfi.r.d) is observed tancrea® with pressureparticularly abov0 GPathe
pressure at which yielding was inferred fréautice strain The developmenbf texturesupports
the onset of plasticitat ~30 GP4Fig. 11).

At the maximum pressure examined in this studl§y, GPa the texturemaximumin the
inverse pole figure of the compression directismearthe¢pprtpole which isthe pole to the
(100 in 3-coordinatehkl notation(Fig. 11). In the case of WGPO01) is the lattice plargupporting
the highest strain and exhibiting the highest strengtte that WC is a layered structure, with
layers of C-atoms(graplene)orthogonal to 001hetween hexagonal W layd7]. The covalent
C-C bondswithin the layer are very strong, making deformatiortlie &t t@lirection extremely

difficult. To determinewhich deformation mechanisf®) is consistentwith generating this
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preferred orientatioin WC, modelng elasteviscoplasticresponse of a polycrystalline WC
aggregate is necessary.

3.3.2 Plasticity Simulation

Plasticity was simulated with an elastigcoplastic selconsistent (EVSPB9] model,
modified for application to higipressure experimenfg0]. The model simultaneously reproduces
refinedQ valueg(latticestrain)andtexture developmeistt each pressure stepdaccounts for both
elastic andriscoplastic deformatioriFig. 9). For our models weasedtheoretical elastic properties
for WC[35]. The EVPSC model treats individual grainsa polycrystalline materials inclusions
in an anisotropic homogeneous effective mediumNHEThe averagef contributons from all
graininclusiors determines the properties tife HEM matrix.Plasticity of a grain in the HEM

matrix isthendescribed by ratsensitive constitutive equation for multiple slip systems:

- B4 —— Q& , h €)
where- is the plastic strain ratg, is the reference shestrainrate andf is thecritical resolved
shear stress (CRS8]) theslip systens at the referencestrainrateunderconditionsin the HEM
The grairs are subject tolocal stress tensor , the symmetric Schmid factor describeghe
straining direction of slip systemaWhen the stress resolved onto a given slip system is close to or
above the threshold value, plastic deformation will occur on that slip syStemempirical stress
exponentn describe strain rate sensitivity t@pplied stresswhere infinite n implies rate
insensitivity Deformation ofWC appears to be rate insensitjvd] and consequently we assume
an arbitraryhigh stress exponent of= 30[70], which is large enough to simulate rate insensitivity,
yet small enough to preserve stability of the model

The parametet representghe effective polycrystal CRSS and includes batinain
hardening and pressure hardeniPg@ssure hardening and strain hardening effects on CR8®t
be separated because both pressure and stcagase simultaneously in DAC experimeiisth

are included in thpressure dependence of CR&&ulatedoy:
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324 t  t —0h (10)

325 wheret is the initial CRSS value, and-is its pressuradependenceValuesof CRSS and its
326 pressure dependenfi WC are presented in TabB The CRSS effectively controls slip system
327 activity and dfferent active slip systen{32] result in different lattice strairend textureand must
328 be matched to experimental observations.

329 Lattice strain and texture evolutidn WC are modeled simultaneously to determine
330 deformation mechanismsuchas slip system activity andlip systemstrength ands usedto
331 calculate yield stress from reproduced/@ues and texturd-{g. 7 and11). Slip is activated at ~30
332 GPa on thep pmt épcprQprismatic slip system. From 3@ GPathis system converges towards
333 ~50% of the slip system activity with the other 50% supportecbbgrt &t 11 ©grismatic slip.
334 Above 50 GPahese systems each accountf45% of the slip system activity, with themaining
335 10% contributd from p @p &p p@yramidal systemFig. 12), which activates at ~40 GPa, and
336 increases to 10% activity by 50 GPa. This slip system is needed to induce yielding ona@¢D01)
337 occursin p pp rather than inp @ as described in prious worl{39,40]

338 3.3.3 Crystallite Size and Microstrain

339 Refined values of grain size and microstrain in radial XRD patirbsilk WC support
340 the observedextureand modeledleformation mechanisn{fig. 13). Mean anisotropic grain size
341 decreases rapidly until plastic yielding, after which d¢in@in size decmeses slowly Anisotropic
342 crystallite size represents the size of coherently diffracting regions within the sampks].

343 Local stressesan reduce the refined grain size by reducing the size of these regions, which can
344 explain grain sizeeduction below plastic yieldingp.g. 74] Microstrain increases withressure
345 until yielding, where it drops sharply @rthen begins to increase again. A second drop in
346 microstrain may follow activation of slip on p mp &p p@& Both microstrain and elastic
347 macrostrain behavior as a function of pressure supastic stress releage WC through plastic

348 slip.
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To further assess siamd straireffects, we calculatesize and straigontributions to peak
broadeningobtained from fitting individualpeaks[after 75} Size and microstrain affect peak
widthswi t h di fferent dependAdsumngtbesizecand sttaim eom@oneaty g
of peak broadening can be simply summtbe,full width at half maximum of each pedk.: is
given by:

{ pOAL — (11)
Multiplying both sides of this equation ByT -ields a ling A T-&s.O EJ where theslope
CUis the strain componergnd intercepKa- / idthe size componerReak widths and positioffisr
planes 001, 100, and 101 were uBmdhll analyses.

Size and strain as a function of pressure for bulk and-W&tion Ne, and bulk WCQwith
no mediumare given in Figl4. Size contribution in the nano and bulk samples remains ~constant
throughout the studied pressure range, consistentwitirain size ragtction under théow shear
stress supported by the Ne medidrhe size effect in nar@/C issimilar, butslightly larger than
in bulk WC.Because the Ne medium is only qulagirostatic, the straieontributionCUfor both
grain sizes compressed in esmilar andincreases with increasing pressure and strength of the
medium, butis less than the strain component observed in the sawifheut a mediumAt
pressuredbdow 30 GPain the bulk sample with no pressure medjuhe size contribution
increases due twonvolution of lattice bending and some reduction in grain 4iz80 GPain this
nonhydrostaticsample widespreadyielding is indicated by a significant increase in size
contributionKa- / ahd decrease in strain contribut'@il Above 30 GPa, strain in nasWC in Ne
is intermediate betweestrain observed in bulkVC with andwithout the Nemedium This is
possibly due to the larger grain boundary surface area ingrano materiabeing sbjected to
higher strainNanc-crystalline WC may also be more sensitive toitfieasingnon-hydrostatic
stresconditionsexerted by the Ne pressure medium.

4. Discussion
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4.1 Equation of State

Observed volumes for bulk WC obtained in this studger quashydrostatic conditions
aresimilar to data obtained in mullinvil experiments on annealed \Malit systematically lower
than volumes observed previousDAC studieq[1,2] (Fig. 2). Previous DAC studiesmployed
less hydrostatipressurdransmittingmedia:NaCl, methanl-ethanol solutions, and/or silicone oil
are known to sustain significantly néwydrostatic stresparticularly at pressures above ~10 GPa
[761 78]. Under nonhydrostatic axial compression, diffractionaxial geometrysamples the
crystallites near the orientation of minimum compression, andbsinssystematicallylarger
calculated volumes andarrespondinghhigher apparent incompressibilityrhe neonmedium
used in this study supports~1 GPadifferential stresghrough the64 GPamaximum pressure
investigated herfe.g. 79] resulting in reliable quasiydrostatic volumes for constraining the EOS
of WC.

Although previous work had suggested n&d€@ is highly incompressible[2], data
obtained under quabiydrostatic compression in this study demonstrate thatWabds not more
incompressible than bulk WC. Observed volumes for bulk and-oaystalline samples are
indistinguishable aambient conditionand remain similar upon c@ression. With increasing
pressure, volumes obtained for naW& diverge to slightly smaller volumes relative to those for
bulk WC.Previous work on nan@/C used silicone oil pressure medi{@h, and as for bulk WC,
may have overestimated incompressibility due to effects ofhydrostatic stresBasedon our
results for both bulkand nane/NC compressed in Ne medium, we conclude there is no significant
stiffening due to grain size; if anything, naWC is slightly less incompressible than bulk WC.
This decrease in incompressibility with decreasing grain size in theragime isconsistent with
observations for other ceramics cBN, Téhd AbO3[23i 25].

Understanding the effects of grain size on incompressibility is important for assessing
overall elasteviscoplastic responses of polycrystalline materi@igt bulk modulus value of9%¥
+ 7 GPa is in agreement withoth theory anather hydrostatiexperinentalstudies on WCFor
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nanocrystalline WC, our bulk modulus value 377 + 7 is lower than the bulk value, and
substantially lower than previous values reported for nano ¥W@rowing body of evidence
indicates that while nargcale grain size increasstisength (e.g. the HaRetch effect), it decreases
incompressibility for multiple incompressible materialsw including tungsten carbid&VC is
among the least compressible materials, with incompressibility on par witranBNRuQ|cf.
14], but neither the bulk nor the nangystalline phase is as incompressible as diamond or higher
Ko osmium boridei®,14].

4.2 Strength, Elasticity, and Deformation

The strength ofbulk WC determined from lattice strain is comparable to other hard
ceramics below 30 GPa pressure agdl3 GPa differential stress is supported at the yield point
of 30 GPa.The strength of WC determined by lattice strain is similar & ¢ TiB, and BO
[80,81] (Fig. 10). It supports less differential stress than doped diaf@@pdbut is stronger than
tungsten boridg83]. Reuss stresses provide informatiorstnength anisotropy in WC, with (001)
supporting the highest strengtriented WC crystals may provide a means of producing stronger
parts without the need for bindetsttice strain assumes purely elastic deformation however, and
the determination of stretigbased on EVPSC modeling suggests a lower overall yield strength
and flow stress when plasticity is considered. Plasticity affects the experimental results, and as
noted by previous studies on other mater[8,85] strength from inferred elasticity may be
overestimated in previous studies when not accounting for plasticity.

Deformation of WC above the yield stress includes both plastic and elastic components.
The elastic stiffness coefficients calculated from our results only agree in part with theoretical
calculations. This is consistent with observations of other materials in which plasticity is expected
to occur.Previous experimental studies of elasticigséd on radial diffraction have similarly
observed that only some elastic constants agree with density functional theory predictions, while
others divergde.g. 60,86] This is attributed to the effects of plasticiB4,87] In the case of
rheniunj60], cu1 and ci2, which describestressand strain in the basal planed the hexagonal

17



426 system,agree well with computationsn hcp cobalt[86,88] only ci2 and ci3 are in modest

427 agreement with theoryin WC, c¢i1 and ci3, representing stresnd strain in both the basal and
428 meridional planes, agree with theory low, ¢33, and css do not.Q-values are a function of both
429 plasticity and elasticity and more work is needed to successfully solve for elastic stiffnesses in X
430 ray diffraction experiments on materials undergoing plastic deformation. Experimental values for
431 the bulk and shear moduli pressures > 15 GRee needed tminimize error in calculations afs

432 measured in Xay diffraction experiments and provide additional constraints for theoretical
433 predictions of these parametefdew theoretical computations accounting for experimenta
434 measurements afawith pressureés necessary tbetterconstrain the pressudependence of the
435 GjS, and to assess the effect of #iyirostatic stress on hexagonal materials like Re and WC.
436 5. Conclusion

437 Our results demonstrate the mechanical response of WC undehgdesstatic and nen

438 hydrostatic compressive loads up to 66 G®adetermined by our data and modeling, the strength
439 of the (001) plane in WC is 9242% larger than the mean strength of WRGasticdeformationin

440 WC above yielding at30 GPa is accommodated by prismatic slip pnpmt dogprniOand

441 p @t ot 1t @pand pyramidal slip onp mp &p p@ WC anvils should be oriented to the
442 strongest direction to maximize strength performance under preSbamew constraints provided
443 by this studyon the strength, deformation, and EOS of WC can help infooduction of WC

444 parts, and potentially applications of polycrystalline materials more broadlye$earch and
445 industry.
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463 Tables and Figures
464 Table 1. Experimental and theoretical values for the equation of state parameters for hexagonal
465 tungstenrmonacarbide.US = ultrasonic, SW = shock wave, DAC = diamond anvil cell, MAP =
466 multi-anvil press, XRD = Xray diffraction, LDA = locakldensity approximation, GGA =
467 generalized gradient approximatidPWP = plane wave potentid?BE = Perdew, Burke, and
468 Ernzerhof LMTO = linear muffin-tin orbital Values and uncertainties reported for this work are
469 obtained from fit to the BirciMurgnahan equation of state.
Vo (A3 Ko (GPa) Ko Grain Size Method Reference
20.4667 329 - not specified us [22]
20.70720.747 383 - not specified SW [59]
- 390.3 - not specified us [7]
20.806 £ 0.02C 383.8+0.8 2.61+0.07 Bulk us [1]
DAC XRD,
NaCl, silicone
20.806 £ 0.02C 411.8+12.1 5.45+0.73 Bulk oil, and 4:1 [1]
methanolethanol
solution
DAC XRD,
20.749 4522+7.8 1.25+0.53 Nano slicone oil [2]
20.750 £ 0.002 384+4 4.65%0.32 Bulk MAI\F/I)gXORD’ [10]
20.75: 0.00 387+5 438+040 Bulk MA,\jg)é)RD’ BM-EOS fit to[10]
20.76+ 0.01 3977 3.7t 03 Bulk DAC XRD, Ne This study
20.74 (fixed) 412+ 4 3.3t 02 Bulk DAC XRD, Ne  This study
2074+ 0.01 3777 38+0.3 Nano DAC XRD, Ne This study
20.72 (fixed) 388+5 35+02 Nano DAC XRD, Ne This study
Exchange
correlation
Vo (A% Ko (GPa) Ko functional Reference
- 655 - not specified [89]
404 - GGA [90]
20.5267 382.4 - GGA [32]
- 382.4 - GGA [33]
- 392.5 - LDA [34]
20.749 390.2+05 4.19+0.04 LDA [2]
20.6558 393 - GGA [8]
20.6558 400.9 4.06 GGA [8]
21.240 356 - GGA [91]
21.33 373 4.40 GGA [21]
- 389.4 4.16 GGA [35]
20.99 389.6 4.27 GGA [36]
470
471
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472

473
474

475
476

Table 2: Observedoressuresind latticgparametersvith uncertainties from UnitCe[b6] fit of d-
spacingdor bulk and nanarystalline WC.

Pressure
(GPa)

Bulk

Lattice parameter

a (A

c(A)

Pressure
(GPa)

Nano

Lattice parameter

a (A

c (A)

1 Bar
0.9
3
6
8
10
13
15
18
21
24
27
30
34
39
42
46
47
51
54
55
59

2.9049 + 0.0001
2.9038 * 0.0002
2.8979 + 0.0002
2.8923 + 0.0002
2.8854 + 0.0002
2.8800 + 0.0002
2.8756 * 0.0002
2.8707 £ 0.0002
2.8635 + 0.0001
2.8574 + 0.0001
2.8503 = 0.0001
2.8446 + 0.0001
2.8377 £ 0.0001
2.8303 = 0.0001
2.8218 +0.0001
2.8153 £ 0.0001
2.8090 * 0.0001
2.8056 + 0.0001
2.7983 + 0.0001
2.7944 + 0.0001
2.7921 + 0.0001
2.7879 + 0.0001

2.8378 = 0.0004
2.8370 = 0.0004
2.8324 + 0.0004
2.8277 +0.0004
2.8220 + 0.0004
2.8180 + 0.0004
2.8142 + 0.0004
2.8111 + 0.0004
2.8045 + 0.0004
2.7993 + 0.0004
2.7940 = 0.0004
2.7891 + 0.0003
2.7831 = 0.0003
2.7779 £ 0.0003
2.7710 = 0.0003
2.7646 + 0.0003
2.7607 = 0.0003
2.7562 + 0.0003
2.7508 + 0.0003
2.7471 + 0.0003
2.7453 = 0.0003
2.7423 + 0.0003

1 Bar
0.9
1

4

7
13
18
23
28
32
35
39
46
49
53
56
60
64

2.905 + 0.0002
2.902 + 0.0002
2.899 + 0.0002
2.894 + 0.0002
2.886 + 0.0002
2.871 £ 0.0002
2.860 + 0.0001
2.848 +£ 0.0001
2.838 £ 0.0001
2.828 + 0.0001
2.822 + 0.0001
2.815 + 0.0001
2.803 + 0.0001
2.796 + 0.0001
2.792 £ 0.0001
2.785 + 0.0001
2.778 + 0.0001
2.770 £ 0.0001

2.838 = 0.0004
2.838 + 0.0004
2.837 = 0.0004
2.832 + 0.0004
2.823 £ 0.0004
2.812 £ 0.0004
2.803 +0.0004
2.792 £ 0.0003
2.784 £ 0.0003
2.777 £ 0.0003
2.772 +0.0003
2.768 £ 0.0001
2.758 + 0.0003
2.752 + 0.0003
2.745 £ 0.0003
2.741 £ 0.0003
2.736 = 0.0003
2.733 £ 0.0003
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477 Table 3: CRSS and pressure dependence values for active slip systems in WC under non
478 hydrostatic compressive stress.

Slip System Slip Mechanism CRSS (GPa) d(CRSS)/dP
p prt pcpnO  Prismatic 4.0 0.065
p prt ot T ©p Prismatic 2.6 0.065
p mp &cp p@ Pyramidal 14.0 0.08
479
480

22



481

482

483
484
485

Figures
! I
wWC 100 =
= 3]
WC 101 ﬁ gg N
] e 1_;::_1
= (&) —
= g\g
nJL}I\&_/\/I\
2 64 GPa
=
m
=
JL 32 GPa
E ———
5 I WC | Au | Ne | Re 0.8 GPa
£
o)
= WC 100 o
@ WC 101/Ne 111+~ 3
2 S & = &l
- O S 0o 2
5] = _ 8¢
= \l g al
P |
59 GPa
o
3 A—’\—--___)\_JV\___
=]
WC 101 ]b\, ﬁi
D i
| | |
3.0 2.5 2.0 15
d-spacing (A)

Figure 1. Representativeynchrotron Xray diffraction patternsof bulk and nanerystallinewC
compresseth Ne pressure mediumith Au pressure standard and Re gagkéte axial

diffraction geometry.
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20.5

18.5

486 Pressure (GPa)

487 Figure 2: Compression of bulk (blue circlesijth 3" order BirchMurnaghan equation of stdie
488 in blue line) and nanocrystalline (yellow circlegith EoSfit in yellow line) WC in Ne compared
489 with otherexperimentattudies. Pressure was determined from the EOS of Au, using the 111,
490 200, and 220 Au peaks and the pressure scddewhelg48]. Data from previous studies was
491 obtained in the mukanvil pres410] (black open circlesandin the DAC for bulk (red open

492 square$l]) andnanaccrystalline WC(green opetriangles[2]). Ultrasonic measuremerits] are
493 displayed irred solid line and extrapolated with red dashed line
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495
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460 — -

440 |- =

420

K, (GPa)
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380

360 — -]
| I I l I |
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K;' (unitless)

Figure 3: Ellipses representing 95.3%fidencein Ko and Ko’ obtained from BirciMurnaghan equation
fit to pressurevolume datdor bulk (blue this study and blackpom temperature data fromulti-anvil
[10]), andnanegrainedWC (yellow). Dashed ellipses with open circles are withfiXed to ambient
XRD measurements, solid ellipses with solid circles are witfitVThe open gray circlendicates
reported valuefom multi-anvil, high-temperature/pressueOS[10]. Solid graysquaresrefrom other
DAC studieson nanecrystalling[2] andbulk [1]. Red trianglesndicate values obtained frotheoretical
calculationd2,8,21,35,36] Thesolid red diamonds the adiabatic bulk modulus from ultrasonic
experiment$l]. Dashed lines are from shock watatk line[59]) and ultrasoniinterferometry
experimentg(gray line[89]), which onlyconstrainkKo but not K'.
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505 Figure 4 Theratio c/avs P for bulk and nanegrain WCfrom experimental measurements
506 Values obtained using nonhydrostatic media (open circles) are systematically higher than with
507 hydrostatic media (filled circles, this study)
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Figure 5: X-ray diffraction pattern data (lower half of each image) andpiufile refinements (upper
half of each image) for selected pressae$6 GPa, b) 34 GPa, c) 48 GPa and d) 66 GaDebye
Scherrer rings are transformedazimuth vs dand Miller indices for WC are labeled in each pattern.
WC peaks exhibit increasing sinusoidal curvature with pressure due-toydorstatic sin. Systematic

27



513 variation in intensity in individual ffraction lines is indicative of plastic deformation and also increases
514  with pressure in WDiffracting planes frongasketmaterialsBe andBeOatambient conditionarealso
515 observedand exhibit ncstrain

516
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518
519
520
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524
525

Figure 6: Strainobtainedfor WC lattice planeQ(hkl) at selected pressuredotted vs.the orientation
functionB(hkl) (eqn4) relative to the stress axia-d) andfor all planes apressurancreasege).In (ad),

red curves are quadratic fits to str@(hkl) vs.B(hkl). Strain anisotropyncreases with pressufgcaling is
constant forFiguresa-d). Error in Q(hkl) at individual pressures represents the error of the refinement to
the experimentally observed curvatule.e), he mean straid0 Q{red circles and dashed line between
points for emphasighcreases monnotonicallgand the shape of tlig vs P curve is similar for alQ(hkl),
however values diverge i@ as pressure increases, indicating an increase in anisotropy as pressure
increases.
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Figure 7: Differential stress in WC obtainedrom lattice strain analysis arleVPSCmodelof
experimental measuremenisgure 7a (left)Average Voigi(red trianglesand Reusgteal circlesyalues
for differential stressomputed fronQ(hkl) and elasticonstants obtained from theoretical calculations
[35], with values obtained using aggregate shear modgals squaregl]). Also shown is differential
stress obtained frofBVPSC simulatiorincorporating texture and plasticityqlid black ling. Stress
accounting only for elastic strain diverges from stress accounting for both atadfitastic strain at the
yield point neaB0 GPaFigure 7b (right)Reuss stresses computed for individual lattice plakissing
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534
535
536

537

purely elasticstrain (001) supports the largest differential stre@8 GPa, ~B-42% largerthan
differential stress values of ~ GPa at yielding, which use the aggregateReasslimit shear
modulus respectivelyand 57% larger than the stress from the EVPSC model
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Figure 7: Elastic stiffnesgoefficientsfor experimental datas calculated from eqn&-6, and8) (closed
symbols: his study. Open symbols are experimental zgn@ssure valud81]. Solid and dashed lines are
from theoretical calculatiori85,36] Our values foci; andciz agree well with theoretical predictions.
Othercjs are closest to DFT values at minimum presgalesest tqure elastic deformatignproviding
validationfor DFT. Stiffnessesleviate from predicted values rapidly@astic deformation increases
illustrating mechanisms of failurédboveyielding at30 GPa, values fana is substantially higher than
predicted, andss andci» diverge from predicted valuegalues forcss appear to converge withi;, while

ci2 varies only slightly from a constant value of 200 GPa throughoubgberimentapressure interval.
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Figure 10 Differential stress observed in WC aoither hard ceramics compressed uniaxially with no
pressurdransmitting medium. Stress in WC is computed with both lattice strain theory (solid circles) and
EVPSC simulation (dashed line). Dynamic yield strength from shock wave data is open gold circle,
cdculated aftef92]. Previous studies on all other hard ceramics (open symbols) use lattice strain theory
Blue squares are WB3], green triangles am®SisN4 [93], black diamonds ar€iB, [81], teal hexagons

are BO [80], and magenta triangles are BlheterodiamonB2]. Uncertainty is calculated as + the
standard deviation in me#&hat each pressure, propagated through equa)oDifferential stress

increases with uniaxial load until yielding, where the change in slope of the t(P) indicates strain is
accommodated by both elastic and plastic deformation. In WC, yielding at 30 S&R@asted by the
development of texture at tisame pressure (Fig. 11). The flow stress of WC above yielding is higher
than flow stresses observed in WB angN&i Flow stress obtained from EVPSC simulation is
systematically lower than that derived from lattice strain analysis only, though the oéslétgswo

methods remain within uncertainty of each other.
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571  Figure 9: Inverse pole figures reconstructed from experimed2F data fit with fibettexture at selected
572  pressuresA texture maximum is observed at ~30 GPa near thd @ planes (symmetrically equivalent
573 to 100 planes ihkl notation) indicating plastic deformatiohis value increases to ~1.Qhiples of a
574  random distributiorat the maximum pressure of 66 GPa.
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Figure 10: Modeled $ip system activities as determined from the EVPSC simulaiased on
experimental texturdgelow 8 GPa, deformation is entirely elastic, and no plastic deformation occurs.
Between 80 GPa, a small amount of plastic strain is accommodated by prismatic slip activation on
p prt Ot 1t 10[At 30 GPa, bullplastic yielding occursaccommodated bgontinued prismatic slip on
p |t ot T ©ndactivation of prismatic slip orp prmt ¢ pmA third (pyramida) slip system is
activated betwee#0-50 GPa onp mp &p p@
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Figure 11: Crystallitesize and microstraius pressure from fulbrofile refinement in WC under nen
hydrostatic compressio@rystallitesize decreasesd microstrain increases up~+80 GPathepressure
at whichlattice strain suggests yielding ateture indicates activation of prismatic stip

p mrt pcpriOand p prt Ot Tt WReduction in crystallite size below plasticity onset is attributed to
lattice-bending, which reduces the size of the coherently diffracting regions contributing to crystallite size
in MAUD software.Above 30 GPamicrostrain drops and then resumes incregsivhilegrain size
remains~constant at 80 - 90 nm. A seconddip in microstrainat ~50 GPdollowsthe activatiorof

pyramidal slip onp pp &p p@
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