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ABSTRACT

The spontaneous surface segregation of ZrC grains from dilute solid solutions (ZrC), (NbC) with (1-x)<0.02 is
revealed for the first time. It is shown that the ZrC precipitation is associated with the decomposition of the
homogeneous carbide solid solutions (ZrC), (NbC),. The experimental and theoretical estimates obtained for the

segregation energy of ZrC are equal to -50 and -31kJ/'mol?, respectively.

INTRODUCTION

According to™3, zirconium and niobium carbides
withacubic B1-type structureform acontinuous series
of solid solutionsinthe Zr-Nb-C system at tempera-
ture T>1273K. Experimental dataon the phaseequi-
libriaintheZr-Nb-C or ZrCy - NbCy, systemsat tem-
peraturesbelow 1273K arenot availableinthelitera
ture. However, theoretical estimates“ indicatethat an
extended region of adecomposition can be observed
inthe ZrC-NbC system at T<800K.

EXPERIMENTAL

Westudied the(ZrC), , (NbC), solidsolutionsinthe
range 0.001<(1-x)<0.05. Thesolid solutionswere syn-
thesized by solid-phasevacuum sinteringfromNbC and
ZrC carbides or from Nb, Zr, and C at a maximum
sintering temperature of 2473K.

All synthesi zed sampl es contained only onehomo-
geneous phasewith acubic B1-typestructureand the
| attice constant a,,=0.44670nm. The samples of the
solid solutionssynthesized wereanned ed at atempera
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ture of 2300K under vacuum of 103 Pafor 1h. After
annealing, the sampleswere cooled to 1300K with a
rate of 200K/min* and then were cooled slowly to
600K. Thetotal timeof coolingwas 3h. Thex-ray dif-
fraction patterns were recorded on a Siemens D-500
diffractometer. Thex-ray diffraction patternstakenfrom
the surface of anneded samples (ZrC), . (NbC), with
(1-x)<0.02 prepared from NbC and ZrC carbidesdem-
onstratethat, apart fromthereflectionsassigned to the
carbide solid solition with the lattice constant
8,,=0.44655nm, there gppear intenseref| ections attrib-
uted to another phase. ThisphasehasaB1 cubic struc-
turewith thelattice constant a,,=0.4698nm whichis
very closeto thelattice parameter of ZrC_, , ., car-
bide“. Judging from the changeinthelattice parameter
of solid solution after annealing and thel attice param-
eter of thenew phase, theanned ed solid solution con-
tains ~99 mol.% NbC and ~1mol.% ZrC. Ascan be
clearly seen in the cross sections of the annealed
samples, avery denselayer 0.1-0.2 mmthick isformed
onthefreesurface. Thislayer isbrighter than the bulk
of thesample. Thex-ray diffraction patternsof the sur-
faceregionsof the annealed sampl es, which were syn-
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thesized from Nb, Zr, and C, exhibit only thereflec-
tions of aphasewiththelattice constant a,, =0.46986
nm, whereasthediffraction reflectionsfromthecarbide
solid solution are absent.

The e ectron microscopic examination of the an-
nealed samplesof the (ZrC), . (NbC), solid solutions
synthesized from NbC and ZrC reved ed the presence
of well-faceted preci pitates (covering asmuch as50%
of the surface area) of the second phase on the surface
of the samples. The size of precipitated grainsis 5-
15um, and thesize of themain-phasegrainsisequa to
~1um. Theprecipitated grainshavetheform of trihedra
or hexahedrawhichistypical of the (111) section of
cubiccrystas. Thesurface of theanned ed samplespre-
pared from Zr, Nb, and C iscompletely covered with
grainsof the precipitated phase.

Thechemica composition of the precipitated phase

»E

Figurel: Digributionsof theintensity of Zr and Nb char -
acterigticx-ray radiation upon scanning of the surface of

theannealed dilute(ZrC), (NbC), , solid solution along
thewhite horizontal line. M axima of theintensity of Zr
and Nb char acteristic x-ray radiation correspond topre-
cipitated Zr C carbidegrainsand thematrix solid solution
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Figure2: Distributionsmags(%éctraoftheprecipitated
surfacephaseand thebulk phase of theannealed (ZrC)
(NbC), ., solid solution. Theintensity |, isproportional to
~logc, where ¢ isthe concentration of the i-th element
(isotope) inat. %.
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was determined using aJEOL -SuperProbe 733 x-ray
microanayzer and an EMAL-2 [aser energy-massana
lyzer. Theimage of the surface was obtained in back-
reflected e ectrons. Thescanning over thesurfacewith
recording of the characteristic radiation reveal ed that
the samplematrix contains niobium, whereasthe pre-
cipitated grainsof the new phase contain zirconiumand
areadmost freeof niobium (Figure1).

Figure 2 displays the mass spectraof the surface
and bulk regions of the annealed(ZrC),— (NbC),
samples synthesized from Zr, Nb, and C. The mass
analysisof the bulk region of the samples confirmed
that it containsniobium, carbon, and asmall amount of
zirconium. At the sametime, zirconium and carbon are
thebas c components evaporated from the surface com-
pletely covered with grains of the precipitated phase.
Theniobium content on thesurfaceisno morethan 0.5
at. %.

Theresultsof x-ray microandyss, laser massanay-
sis, e ectron microscopy, and x-ray diffraction unam-
biguously indicatethat ZrC grains precipitate on the
surfaceof thedilute(ZrC),— (NbC), solid solutionswith
(1-x)<0.02. This phenomenon was not observed ear-
lierincarbide solid solutions.

DICUSSION

Theinitid solid solutionsare homogeneous. There-
foretheformation of the second phase after annealing
and the precipitation of ZrC carbidegrainsonthe sur-
face of the samples can be associated only with the
decomposition of the solid solutions.

In order to determine the solid-phase decomposi-
tion region in the phase diagram of the ZrCy NbC
pseudobinary system, we cd cul ated the phase equili b—
riain thissystem at temperatures below 1300K. The
cal culationswere performed using the subregular solu-
tion model®. Accordingto calculations, the ZrC,and
NbCy, carbides at any carbon content within the ho-
mogeneity regionsof the cubic phaseform acontinu-
ous seriesof solid solutionsat T>1200K. However, at
lower temperatures, there exists asolid-state decom-
positionregioninthissystem(“%, Asthe carbon content
decreases, the maximum decomposition temperature

of the solid solutionincreasesfrom Tgecom, =843K for
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the ZrC, -NbC,  section to Tgeomp =1210K for the
ZrC NbC sectlon.Theasymmetryof the decom-

posi%iﬁgn regi onand shift of itsvertexin theZrC -NbC,
pseudobinary sectionstoward the NbCy niobium car-
bide (66.8mol.% NbCy at y=1.00 and 53.6 mol.%
N bCy at y=0.70) indicates that, at temperatures
T<T jecomp thesolubility of ZrC, inniobium carbideis
severd timeslessthan that of NbCy inzirconium car-
bide.

The presence of decomposition region is neces-
sary but not sufficient condition for the segregation.

Thediffus on decomposition of solid solutionscan
occur through two mechanisms®. Thefirst mechanism
isthe spinoda decomposition proceeding throughout
thebulk of the solution. The second mechanismisthe
fluctuation nucl eation of phases and their subsequent
growth. Spinodal decompositionisnot realized most
likely dueto thelow temperatures at which the diffu-
sonmohility of atomsin thecrystal istoo small to pro-
vide gpatial separation of the phasewith apredominant
content of niobium carbideand ZrC phase. Inthe case
of fluctuation nucl egtion, thegrowth of new-phasegrains
inthesurfacelayer isfacilitated asaresult of thefavor-
ableeffect of theinterfacia energy. Thus, theformation
of the zirconium carbide phase becomespossibleeven
a ardatively low temperature.

The segregation of the second phase becomes pos-
sblewhenits content exceedsthe solubility limit. The
cd culationsof theimmiscibility region boundariesdem-
ongrated that (ZrC),— (NbC), solid solutionswith (1-
x)>0.01 at T<700K are supersaturated with ZrC.
Conseuently, inthe(ZrC),— (NbC), solid solutionscon-
taining ~1mol% ZrC or more, the necessary condition
of segregationismet at T<700K. Thesufficient condi-
tions of surface segregation depend on the segregation
energy and diffusion.

Intheregular solution approximation, themodel's
of an equilibrium state of the solid solution surface ™9
suggest that the bulk and surface phasescoexistina
solid under equilibrium conditions. Let usconsider an
A-B systeminwhichAisthe soluteand B isthe sol-
vent. As applied to our system ZrCy-NbCy,, thenio-
bium carbideisthesolvent and thezirconium carbideis
the solute; i.e., AzZrCy and B=N bCy,. For the A-B
system, the atomic concentration of the solutein the
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surfacephasg, X, ., IS
XA-surf = XB-SJrf (XA-bqu B-| bulk)exp( AH /k )’ (1)
where x, , . and x_, . are the atomic concentrations of the

solute and solvent in the bulk phase, respectively, x, = 1-X,
o and AH_ is the segregation energy of the solute A. By
substituting experimental vauesx, . ~0.985,x, ., . ~0.013,
and T=700K into eq.(1), we obtain the surface segregation
energy of ZrC: AH__ - ~-50kJ-mol™.

According t0lod , the segregation energy AH__
cl udesthemterfamal energy AH, _, theenergy of palr

interatomic interactionsAH,_ and the strain energy

AH,;i.e, AH_ =AH, +AH_ +AH . Theinterfacial
energy can berepresented as
AH, = (1, Y)SN, @

wherey, andy, arethespecificinterfacia energiesof
soluteA and solvent B, respectively, s,= (M/pN )#3is
thesurfaceareaper solvent molecule; M isthemolecu-
lar mass of the solvent; and p isthedensity of the sol-
vent. For the ZrC - NbC system at T=1773K, we have
Y A—erC—Z 13Jm? and v, = v,,.=2.60 Jm2, and
s, isequal t0 0.0793 nm? for NbC_ . Therefore, the
AH.energy in the ZrC-NbC system is equd to -
22.4kJmol ™. Thisvalueof AH, _isarough estimation
becausethe accuracy of determining they energiesfor
carbidesislow (~40%).

Theenergy of pair interactionsin thecase of solid
solutionscan berepresented asAH,, =-G°/(zX,, , , X
o) Where G2 istheexcessfreeenergy of mixingand z
isthe coordination number of thecrystd latticeinwhich
the substitutiona solid solutionisformed. For thesolid
phase, G°=x,X,B_whereB_istheinterchangeenergy.
It followsthat AH_ =-B/z. Inthe(ZrC), (NbC) solid
solutionswithaFCC metd sublattice, the coordination
number z isequal to 6 and the cal culated interchange
energy B ~15kJ mol ™ thereforetheenergy of pairin-
teratomicinteractionsAH,, ~-2.5kJmol™.

The solute strain energy AH_ isassociated with
thedifferencein sizes of the substituted atomsin the
solid solution and can be expressed in theform!®4
AH_ =-24zN,[KGR,R,(R,-R,)]/(4GR+3KR,) ©)

where K=2.28x10" Pais the bulk modulus of the solute
ZrC, G=2.20x10" Paisthe shear modulus of the solvent NbC,
and R, and R, arethe effective atomic (ionic) radii of the sub-
stituted atoms of the solute and solvent, respectively

(R,,=0.064nm and R, =0.072nmfor theions Nb>* and Zr** with
the coordination number z=6). Thisyieldsavalueof thestrain
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energy AH _ ~-6.4 kJmol*for the ZrCy-NbCy, solid solutions.

Thetheoretical energy of segregation of zirconium
carbide fromthe (ZrC), (NbC), solid solutionwith
inclu-sion of the cal culated contributionsAH, |, AH,_
and AH__ is approximately equal to-31.3kJmol*and
substantidly differsfrom theexperimentd va ueAH_
o ~-20 kI Mol . Theoverestimated theoretical energy
AH_, can be explained by an approxi mate estimate of
theinterfacial energy AH. _, which makesthe largest
contribution to the segregation energy AH

According to*d, when the new phase precipitates
onthesurfaceando=x, _ /x, . >>1, thesurfacecon-

- A-surt " A-bulk
centration of segregantAis

X, or(t) =X, o, A 1-exp(Dt/ad?)er fe[ (Dt/ad?) 7]} 4
where x, _(t) and x, _ . are the contents of compound A on

the surface at timet and after attaining the equilibrium, respec-
tively; D isthe diffusion coefficient of solute A at thetempera-
ture T; d is the thickness of the surface layer of a new phase;
and a = congt isthe maximum coefficient of the surface enrich-
ment with solute A at t—oo. The function erfc(x) = 1-erf(x) is
the complementary probability integral. with dueregard for Eq.(1),

Eq.(4) takes the form

Xp ari® = Xg 0t K o X o) EXP(=AH Seg/kBT)x 5
{1-exp(Dt/a’d?)er fc[ (Dt/ad?)¥3}.

At t—o0 and in the absence of evaporation, the seg-
regant content asymptotically tendsto theequilibrium
CoNteNnt X, oy = XB—surf(XA—bqu/ X pui k)exp(_AHsaJ/ kBT)
which dependsonly on the solid solution composition
and the segregati on energy. According to the estimates
madefrom Eq.(5), inthe (ZrC), ,,(NbC) . solid solu-
tion at temperature from 500 to 700K and the segre-
gationenergy AH@:-31.3kJ- mol%, theequilibrium (at
t—>o0) concentration of ZrCin thesurface phase, X, .
o liesintherange from ~0.80to ~0.98. Thisisin
good agreement with the experimenta value, whichis
no lessthan 0.97.
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