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Abstract—Structure and properties of dispersed and compact nanocrystalline vanadium carljgesVC

were studied. Dispersed vanadium nanocarbide was prepared by prolonged aging of a coarse-ggred VC
powder. It has a unique nanostructure: nanocrystallites of dispersed vanadium carbide have a shape of bent
lobes up to 600 nm in diameter and-P® nm thick. Annealing and quenching of compact samples of coarse-
grained VG g5 carbide result in the formation of a nanodomain structure. The nanostructured carbjdesVC
corresponds in composition to the higher boundary of a homogeneity area of a cubic phase and mainly con-
tains ordered YC, phase, which belongs to tHe4,32 space group. Cold pressing and subsequent vacuum
sintering of vanadium carbide nanopowder at 2000 K gave sintered samples approaching diamond in micro-
hardness.

Nanocrystalline ceramic materials are being extenaries between the disordered and ordered phases. By
sively studied today [5] with the aim to develop controlling the domain size in the ordered phase, it
hard but non-brittle materials. Nonstoichiometric cards possible to obtain nanostructured nonstoichiometric
bides of transition metals of Groups IV and V arecarbides in dispersed and compact states.
promising in this respect, as they are inferior in hard-

ness only to diamond and cubic boron nitride [6]. Here we report on the structure and properties of

nanocrystalline vanadium carbide. The nanostructured
Transition metal carbides MC(MC,0,_,) fall state was formed by a fundamentally new method:
in the group of strongly nonstoichiometric compoundsordering of nonstoichiometric vanadium carbide. So
[7, 8]. The carbides M(I'l, _, in the disordered state far, the ordering phenomenon was not used for creat-
have aB1 cubic structure and can contain up to 50%ng a nanostructure in a solid. The choice of vanadium
of structural vacancie&] in the nonmetal sublattice carbide was governed by the fact that ordering in it is
[7-10]. At T < 1300 K, theBl structure becomes un- manifested most clearly [147]. Not only volume
stable, and disordeorder phase transitions take place(related to particle sizes), but also surface (related to
in nonstoichiometric carbides to give ordered phasethe state and structure of interfaces) effects in nano-
with complex superstructures{¥3]. Orderdisorder crystalline solids and m@powders are important{3];
transitions in carbides are the first-kind transitions [7 therefore, in studying physicochemical properties of
13] accompanied by jumpwise changes of volumevanadium carbide, special attention was given to
However, the ordering is a diffuse process and hendbe state of its surface.
it occurs not instantaneously, but within a relatively

long time. The carbides are synthesized at 1400 STRUCTURE AND COMPOSITION
1800 K, i.e., at temperatures higher than the temper-
ature of disorderorder phase transition3,,,s On Dispersed carbide. The initial VGC,g,5 powder

cooling from the synthesis temperature to room temwith a particle size of 22 um was prepared by car-
perature, the nonstoichiometric carbide passes througgothermal reduction of YOy and then was subjected
the ordering temperatur&,,,; and tends to order. to prolonged aging at ambient temperature in a closed
If the cooling is fast, the ordering has no time to bevessel without access of atmospheric moisture. Aged
completed, and the nonstoichiometric carbide remaingowder of vanadium carbide appeared to be highly
in the metastable disordered state. Owing to a differhygroscopic: we found that, immediately after with-
ence in the lattice parameters of the disordered ardrawal from the vessel, the powder contained no more
ordered phases, stresses arise in a sample, which withan 0.2 wt % physically adsorbed water, whereas
time result in cracking of crystallites along the bound-after storage in air for several months the water con-
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According to chemical analysis, aged vanadium
carbide has the composition &, corresponding to
the upper boundary of the homogeneity areaBadf
cubic phase (NaCl). Impurities of Ti, Nb, and Ta
(1 wt% in total) were detected by EDX analysis.
The aged powder of vanadium carbide had the fol-
lowing elemental composition (wt %): V 76480.1;
Cooung 15.9£0.1; G 0.9£0.1; HO 2.0£0.2;
Ochem 3:1£0.1; Q,; 0.1; N 0.2£0.02; and Ti, Nb,
Ta 1.0£0.1.

The total oxygen content (5.0 wt %) in the powder
: is so high that it might reflect full occupation @fee
Fig. 1. Microstructure of an aged powder of vanadium car- nonmetallic lattice vacancies with oxygen atoms to
bide VG g75 at a 1000« magnification: irregular-shaped  form vanadium oxycarbide. In this connection, we an-
agglomerates of %0 pm size consist of1-um particles. alyzed in detail the state of oxygen in the sample.
According to the data of quantitative gas chromatog-
raphy, the main part of oxygen (3.1 wt %) is in the
chemisorbed form. An additional 1.8 wt % is in the
formed of adsorbed water (water content of 2 wt %
was determined by calcination in a vacuum at 500 K
and also by gas chromatography and thermogravim-
etry). A small amount of oxygen (0.1 wt %) is dis-
solved in the vanadium carbide lattice, occupying on-
ly a small fraction of carbon sublattice points (about
0.4%). Finally, a very small amount of oxygen forms
the surface oxide layer consisting ef2atomic mono-
layers. The film contains YO; and homologous ox-
ides V,O,,_1 whose composition lies between,®;
Fig. 2. Nanocrystallites of an aged powder of vanadium and_ Voz The n!tmgen content, det_ermlned without
carbide VG g5 at a 2000& magnification. preliminary heating of the powder, is only 0.2 wt %
and cannot noticeably affect the properties of the
powder.

To analyze the oxide layer, we heated a carbide
powder in dilute HCI (0.36 wt %, pH 1) at 330 K for
several minutes. The light blue color of the resulting
solution indicates that V(IIl) and/or V(IV) ions passed
into the solution, confirming the presence of an oxide
film on the surface of powder particles.

The microscopic examination of the vanadium car-
bide powder revealed the following. Separate irregu-
lar-shaped agglomerates of3® um size (Fig. 1),
consisting of~1-um particles, are visible at-a1000x

o . magnification. However, it becomes evident at a larger

Fig. 3. Morphology of particles of an aged {75 pow- magnification that these particles have a complex struc-

der at a 30000 magnification: particles about fim in ture and actually consist of a large number of very fine

size consist of nanocrystallites with a shape of curved . ) .

leaves (disks) with a diameter from 400 to 600 nm and nan_ometrlc particles (We. will term them furth_er nano-

a thickness 0f~15-20 nm. particles or nanocrystallites). For example, it is evi-

dent at a 10000 magnification that each of the ob-
tent reached a saturatidimit of 2.0 wt %. Common jects of ~1 um size resembles an opened rosebud or
coarse-grained VCpowder is considerably less hy- a very loose head of cabbage and consists of nanocrys-
groscopic; therefore, the high hygroscopicity of agedallites. Electron micrographs obtained at 20 @0fnd
vanadium carbide powder is an indirect evidence 080000x magnifications on a Gemini DSM-982 high-
its highly developed surface. resolution scanning electron microscope (Figs. 2 and 3,
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Fig. 4. X-ray diffraction patterns of powders of (a) disordered carbidey¥¢s (b) ordered coarse-grained carbide &5
(VgC7), and (c) nanostructured carbide Y75 (CuK,,  radiation, intensity is plotted in a logarithmic scale, structural reflec-
tions of theBl phase are marked). Superstructural reflections in Figs. 4b and 4c correspond to the cubic (spa&dB@up
ordered \4C7 phase. High intensityg,,e,0f superstructural reflections of (75 nanopowder and abnormal increase dfe,

of the nanopowder in the region of62> 100 may be due to considerable static displacements of vanadium atoms.

respectively) show that nanocrystallites have a shapatio of its surface are§to volumeV is S/V= 0.107%

of leafs or lobes, which, when integrated, form a struc0.143 nm?, which corresponds to the specific surface
ture resembling corals. This nanostructure of vanaarea of the powder from 19 to 262rg‘1. The elec-
dium carbide has no reported analogs. To a first apron microscopy also shows that the size of nano-
prOXimation, nanOCI’ySta”IteS can be mOdeIed by a d|SErysta”|teS Varies W|th|n a harow range_

with a diameter from 400 to 600 nm and a thickness _ _

of ~15-20 nm. Such a disk corresponds in volume The crystal structure was studied by X-ray diffrac-
to a relatively large spherical particle 15220 nm tion in CuK, _radiation on a Siemens D-500 autodif-
in diameter, but, because of its small thickness, th&ractometer in the mode of stepwise scanning with
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It is interesting that the intensity of superstructural
reflectionsl, ., Of the coarse-crystalline ordered car-
bide VG, g;5 decreases with increasing diffraction
angle ® (Fig. 4b), whereas the intensity of superstruc-
tural reflections of the vanadium carbide nanopowder
in the region B > 100’ not only does not decrease, but
even grows (Fig. 4c). This may be due to the presence
of considerable relaxation static displacements of va-
nadium atoms in the vicinity of carbon vacancies.
Earlier such displacements were detected in the or-
dered carbide ¥C, [16].

In spite of the nanometer thickness of nanocrystal-
lites, we found no essential deviations of the width
of diffraction reflections from the instrumental width.
As all the atoms inside a crystallite scatter coherently,
the lack of diffraction line broadening agrees with the
presence of a fairly large number of atoms in nano-
Fig. 5. Positions of vanadiumldrge circleg and carbon  Crystallites because of their large size in two dimen-

(small circle§ atoms in a unit cell of ordered cubic (space  SIONS.

group P4;32) phase of {C7: vacant (not occupied by car- We measured the density of vanadium carbide pow-
bon atoms) octahedral interstices of the metallic sublattice der by the vacuum pycnometric method using purified
are shown. kerosene (middle fraction) and distilled water as work-
ing liquids. The error in the determination of the pyc-
_nometric density did not exceed 0.5%. The calibration
Jneasurements of the pycnometric density of single-
crystalline silicon have confirmed the reliability and
accuracy of the measurements: the theoretical density

a stepA26 = 0.02 and accumulation time of 10 s in
each point. The X-ray diffraction patterns of disor
dered carbide Vg4, annealed coarse-grained ordere
carbide VG g75 (VgC;), and nanostructured carbide

VCosgrsare shown in Fig. 4. Th&-ray pattern of the "y o ¢ 5 33 g c?, and the measured pycno-

VC, g75 nanopowder (Fig. 4c) contains only super- : . 2 )
structural reflections corresponding to the cubic or/Metric density was 2.236 g ch i.e., the disagree-

dered LC, phase (space group4,32) along with ment was less than 0.2%.

structural reflections of thB1 basic phase. The lattice  The pycnometric density of nanostructured MG
spacing of the ordered phase is 0.8337.0001 nm. powder of 5.15 g ¢ was much less than the the-
An ideal cubic M)C; superstructure corresponding tooretical density. A reason could be the presence of
the P4;32 space group (Fig. 5) has a doubled (as coma low-density component (for example, physically
pared to the disorderesil basic phase) lattice spacing adsorbed water) in the sample or high defectiveness
[7, 12]; therefore, the spacing of the basic phase adf the metallic sublattice due to the presence of vacant
vanadium carbide under studyag, = 0.41685 nm. It points (vacant metal positions). To reveal the role
is noticeably greater (by 0.00047 nm) than the spacingf these factors, we have measured the pycnometric
in the disordered carbide \{(g75 According to [7, 8, density after calcination of the carbide in a vacuum.
17], the difference in the spacings of ordered and disafter the removal of water at 470 K, the pycnometric
ordered V( g7 carbides can be so large only at thegensity increased to 5.48 g cinwhich is also some-
maximal or close to maximal ordering. what less than the theoretical density and is due to

The intensity ratio of structural and superstructurathe presence of chemisorbed oxygen. Only after an-
reflections confirms the fact that the degree of longhealing at 900 K in a vacuum, the pycnometric den-
range ordering in vanadium carbide is close to a maity increased to 5.62 g crf) which is equal to the
imum. Furthermore, it follows from this ratio that theoretical value. The fact that the theoretical density
the ordered phase occupies the whole volume of theas reached as a result of annealing at 900 K, when
substance, i.e., the powder is single-phase. This ratibe diffusion of atoms in the metal sublattice is neg-
also allows us to make an important conclusion thaligibly small, means that the metal sublattice contains
the content of oxygen in the carbide lattice is small, imo structural vacancies, and the reduced initial density
agreement with the oxygen content as low as 0.1 wt %was due to adsorbed impurities of water and oxygen.
determined by chemical analysis. Though one or two atomic layers of oxides still re-
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main on the surface of nanocrystallites after the an- g R T S,

nealing at 900 K, we failed to reveal a difference be- - - .‘9 R g S e
tween the theoretical and pycnometric densities, as =0 = A A, e
the content of the surface oxide phase is less than [= == I TR, 1 el
0.1 wt %, and the densities of vanadium oxides and A e S b -‘.'-' ;

carbide are close.

Compact samples.We prepared samples of com-
pact nonstoichiometric vanadium carbide s
by hot pressing of a powder of disordered carbide
VC,g75 at 2000 K and a pressure of 205 MPa in
a stream of ultrapure argon. The resulting samples
were subjected to three kinds of heat treatment: an-
nealing at 1370 K for 2 h followed by slow cooling
(100 K il to 300 K and quenching from 1420 and
1500 to 300 K. The quenching mode was as follows:
Samples in quartz ampules evacuated to°1Pa phase. The degree of ordering in a domain is high,
were annealed at 1420 and 1500 K for 15 min anénd the mutual arrangement of the domains is as
then quenched in water (100 K's An electron chaotic as allowed by the relationship between the
micrograph (506 magnification) of the surface of structures of the ordered phase and disordered matrix.
a compact V@g,5 specimen after quenching from The width of structural reflections does not depend on
1500 K is shown in Fig. 6. Since boundaries of basig¢he conditions of heat treatment of compact G
phase grains show increased sensitivity to oxidatiorsamples, suggesting that the grain size of the basic
they are clearly visible in the electron micrographphase does not change on ordering. However, the
obtained on an ISI DS-130 scanning electron microsuperstructural lines are noticeably broadened, which
scope. The grain size ranges from 10 to . may be due to small size of domains of the ordered

The structure of annealed and quenched,¥/G phase formed under various heat treatment conditions.

samples was studied by X-ray diffraction. Along with The foII_owmg questions arise: Is the nanostructure
structural reflections, the X-ray diffraction patternsformed in heat-treated compact Yg;5 samples con-
contain weak additional reflections both after annealt@Ning the ordered 3C, phase’;? How small are the
ing and after quenching (Fig. 7). Our study has showf{omains of the ordered phase? To answer these ques-
that the additional reflections are superstructural anfiOnS: it is necessary to measure the width of the ex-
correspond to the ordered cubic® phase (space perlmgntal diffraction refle<_:t|ons anq to compare it to
group P4,32). The superstructural reflections for theth® diffractometer resolution function.

annealed and quenched samples have approximatelyWe determined the resolution function of a Sie-
equal integral intensities but different width. Themens-D500 automatic diffractometer by a special dif-
superstructural reflections in the X-ray pattern of thdraction experiment with an annealed sample of stoi-
sample quenched from 1500 K are the broadest.chiometric tungsten carbide with a grain size of-10

: _ , 20 pm. Tungsten carbide has no homogeneity area,
V_écg(;rso,:'enrg t[°7 thg elqslilll?ﬁ:rgrgg?esg g;a%rﬁg eOfi Sthethere_fore, therg is no line b_roadenir_1g du_e to i_nhom_o-
formed as a result of the disordrenrdei3 tr7ansition at 9eney; the size broadening of diffraction lines is

Tyane = 1380 K: the experimental temperature of thealso absent with such grains. Owing to annealing of

e the sample, deformation broadening is also absent.
phase transition is 141820 K [14]. These data show . : : :
that fast cooling from 1420 or 1500 K could result inThus, the width of diffraction reflections of tungsten

guenching of the disordered nonstoichiometric vanadi(-:"’"rb'cIe practically coincides with the diffractometer

um carbide V(@ g;5and in its preservation as a meta-fl.‘:’lhs‘e0 |3202 nguennc(;[g)r(l)ff?hr eas egc“(;ﬁg glgfra@ctlg? tr?:gr&-
stable phase. However, the orderegCY phase ap- b

pears even on quenching from 1500 K., with the relg0ution function of a Siemens D-500 diffractometer on

tive intensity of the superstructural reflections bein fhe diffraction anglé) is shown in Fig. 8. To describe

. alytically the diffraction reflections, we used a pseu-
approximately the same as for the sample quencheg "\7 - : . .
from 1420 K or annealed at 1370 K (Fig. 7). 0-Voigt function. We have shown that, in this case,

the full width of a diffraction reflection at half-max-
As a result of ordering, each grain of the basic disimum (2A) is related to the second effective momént
ordered phase is broken into domains of the ordereof the reflection under consideration by 2 2.23%.

Fig. 6. Microstructure of the surface of compact ¥g;5
after quenching from 1500 K (500 magnification).
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Fig. 7. X-ray patterns of compact {375 obtained by hot pressing, after heat treatmentl(&;lg2 radiation, structural reflec-
tions of theB1 phase and superstructural reflections of thg€¥phase are marked). (a) Annealing at 1370 K for 2 h followed
by slow cooling to 300 K; (b) quenching from 1420 to 300 K at a cooling rate of 100'Kamd (c) quenching from 1500 to
300 K at a cooling rate of 100 K. Superstructural reflections of the cubic (space grBdg32) ordered C; phase are ob-
served in all the patterns; the most broadened superstructural reflections are observed in the pattern gfgthesat@ple
quenched from 1500 K.
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The comparison of the width of superstructural dif- 030 F
fraction reflections of a compact vanadium carbide /{;»
sample with the diffractometer resolution functiég 025F

has shown that the experimental reflections are broad- £ 0.20 ﬁ
ened (Fig. 8). As the width of these reflections de- &
pends on the domain size and resolution of an instru- & 0.15 [

ment in use, the measurement of the broaderfing 010 | 4
allows us to determine the size of domains. In view - Or
of the ratio 22 = 2.23%, the reflection broadening is 0.05 [ee.go— —-
B = [(ZAexp)Z _ (ZAR)Z]UZ = 2.235 pgxp _ e%]llz_ 10 20 30 40 50 60 70 80

0, deg

To a first approximation, let us assume that the defor- rig. 8. Broadening of diffraction reflecions of compact
mation broadening is absent and the observed broad-vc, 4,5samples after heat treatment and appearance of the
ening P results only from small size of domains; thus, ordered \4C; phase [comparison of the second moments
B = Bs- In turn, the size broadening measured in radi- eexp of diffraction reflections with the angular depen-
ansBy20) = 2B40) is related to the average domain dence of the second momed(0) {OR = [(0.0052taR6 +

size d by 0.0056)1/2]/[4(2In_2)1/2]} of the diffractometer resolution

function]. Dark circles annealing at 1370 K followed by

d = K. _ K. slow cooling; dark squares quenching from 1420 K; and
B(20)cosd  2B(6)cosH ’ light circles quenching from 1500 K. The angular depen-

. . . dence of the diffractometer resolution functié() is
wherek ~ 1 is the form factor of a particle (crystallite  shown by asolid line RO)

or domain) andA is the radiation wavelength.

Figures 7 and 8 show that the superstructural reflec- 10°
tions are the most broadened in the case of a sample
guenched from 1500 K; the superstructural reflections
of a vanadium carbide sample annealed at 1370 K
are the least broadened. This means that the domains
of the ordered phase are the smallest in the sample
guenched from 1500 K. The domains are the largest
in the annealed sample of vanadium carbide, as the
annealing followed by slow cooling is more favorable
for domain growth. The determination of the broaden-
ing B and subsequent estimation of the average dize
of the ordered phase domains by the above-mentioned
formula gave the following data. The domain size 104
is 54+ 5 nm (95% confidence level) in the annealed
samples (Fig. 7a) and 254 and 8t5 nm in the Lifetime 7, ns
samples quenched from 1420 (Fig. 7b) and 1500 K Fig. 9. Lifetime spectra of positrons of nanostructured

(Fig. 7c), respectively. powder of () vanadium carbide Vgg75and @) coarse-

Thus, the annealing and quenching of compact 9r&ined vanadium carbide 75

samples of nonstoichiometric vanadium carbide . I .
VCy g7s from Tyanct 100 K give rise to a nanostruc- Sults in prolonged lifetime of positrons as compared to

ture consisting of the ordered phase domains. Thtfg‘?r:i'sr;]gff?ncfgmgtirgstirr']alf‘hg']dgfréitp?s'téon lifetime
domain size is the greater, the lower the annealing (o ype.
guenching) temperature and the slower the cooling. We measured the lifetime of positrons using a
VC, g75 powder preliminarily calcined at 400 K to
ELECTRON-POSITRON ANNIHILATION remove water. For comparison, we measured the posi-
tron lifetime in a coarse-crystalline sintered sample of
Electron-positron annihilation is the most effi- vanadium carbide of the same composition (&
cient and sensitive method for studying defects on inThe positron lifetime spectra are shown in Fig. 9. It
terfaces and surfaces of nanoparticles. Capture of poss seen from the spectra that the average lifetime of
trons by such defects as vacancies or nanopores ngesitrons in the nanopowder appreciably exceeds that

_.
=
A
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S
[\

Intensity, arb. units

_.
=
L
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0 Thus, the measurements of the positron lifetime
\. have shown that the internal part of nanocrystallites
2 —eeee, of dispersed vanadium carbide contains only nonme-
© e tallic structural vacancies, whereas in the surface layer
< \-\ of nanocrystallites there are defects like vacancy ag-
£ 74T N glomerates.
K N
-6+ ""‘o\,\ SINTERING AND MICROHARDNESS
_8 ! ! ! ! The VG, g75 powder was cold-pressed at 10 MPa.
500 1000 1500 2000 The density of the pressed sample was 68% of the the-
T, K oretical density of vanadium carbide, which is much

higher than the bulk density of the powder (36%). The
stepwise sintering of a pellet was carried out in a vac-
uum (10° Pa) at temperatures from 400 to 2000 K in

100 K steps, for 2 h at each temperature. We found
no noticeable changes in the density of the sintered
sample as compared to that of the pressed sample.

Fig. 10. Relative weight changam/m of a VG, g75sample
on stepwise sintering in a vacuum.

The relative weight losam/m of a sintered sample
with temperature is shown in Fig. 10hree main
stages of the weight loss can be distinguished. The
first stage, from room temperature to 500 K, involves
the water loss on calcination. The second stage-900
1500 K, involves decomposition and removal (owing
to the presence of a small amount of free carbon in
the sample) of the surface oxide phase. After sintering
in this temperature range, the sample has changed the
color from black, caused by the surface oxide phase,
Fig. 11. Microstructure of sintered nanopowder of vana- to characteristic gray, corresponding to pure vanadium
dium carbide, determined with a scanning electron micro- carbide. The third stage of weight loss, starting at

scope. Both very densely sintered agglomerates and a free 190Q K, is due to congruent vacuum evaporation of
space between them up to 10n in size are seen. vanadium carbide V6:875 [9]

in a polycrystal. The spectrum of the coarse-crystalline In spite of considerable porosity (about 30%) of the
sample of vanadium carbide exhibits only a short comsintered sample, it appeared possible to measure its
ponent, 15% 2 ps, which corresponds to the annihila-Vickers microhardness. The measurements were car-
tion of positrons in structural vacancies of the carbonmied out in the automated mode with loads of 200
sublattice [19, 20]. Quantitative analysis of the specand 500 g and loading time of 10 s. Within the lim-
trum of the powdered sample has shown that, aloniys of experimental accuracy, we have revealed no de-
with a short-life component at 1572 ps, it contains pendence of the microhardness on the load. The mi-
a long-life component at 500 ps with the relative in-crohardnessH,, was 60-80 GPa. For comparison,
tensity I, = 7%. According to [4], the long-life com- we have measured the microhardness of a sample of
ponent corresponds to the annihilation of positrons ioarse-grained V5,5 obtained by hot pressing; it
surface defects of particles. The capture of positronsas 21 GPa under a load of 0.1 kg. According to
by a structural vacancy means the absence of the lonte published data [21], the microhardness of coarse-
distance positron diffusion; in this case, the compograined vanadium carbide is 29 GPa under loads of
nent intensities are proportional to the volume frac0.1 and 0.2 kg. Thus, the microhardness of a sample
tions of the phases containing various defects. Thugpbtained by sintering vanadium carbide nanopowder
the relative intensity of the long-life componehy exceeds 23 times that of coarse-grained vanadium
coincides with the volume fraction of the surfacecarbide and approaches the microhardness of dia-
AV, = ADSV in the vanadium carbide nanopowder.mond. In fact, at 300 K the microhardness of nano-
We estimated that the surface layer has the thicknessaterials is 27 times higher than that of a usual
AD = 0.5-0.7 nm, which corresponds to-& atomic polycrystalline material [1, 2]. The much higher mi-
monolayers. crohardness of Vg5 obtained by sintering a nano-
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powder is attributable to the HafPatch law, accord- the mechanism of the first-kind phase transition. At
ing to whichH,, is proportional tod*2. An examina- 300 K, the parametemy, of the basic crystal lat-
tion [3] of experimental data on the microhardnesdice of quenched disordered carbide VG is less

of compact nanocrystalline materials has shown thaty 0.2 pm than that of the ordered carbide with the
the Hall-Patch law is obeyed within the range of grainsame carbon content [15, 17]. The difference in vol-
sized from 500 to 20 nm. The dispersed carbide ofumes between the disordered and ordered phases gives
which the sample was sintered corresponds to thigse to stresses and subsequent cracking along phase
range of the nanocrystallite size. boundaries. The cracking of grains of the initial dis-
Gordered phase can occur also along boundaries of
antiphase domains of the ordered phase owing to mis-
(5natch of their atomic structures and arising stresses.

At the same time, it should be noted that we faile
to detect a nanostructure in the sintered,\¢z sample.
Examination of the sample on an ISI DS-130 scannin
electron microscope has shown that its microstructure In compact samples of nonstoichiometric vanadium
contains very well sintered agglomerates and a freearbide VG g75 another mechanism of the nanostruc-
space between them (Fig. 11). This observation is iture formation is operative. A disordarder transi-
good agreement with high porosity of the sample. Tdion results in the formation of ordered phase do-
find whether the sintered agglomerates have a nanorains. The higher the temperature from which a heat
structure, additional studies are required using highveatment (quenching or annealing) is carried out, and
resolution transmission electron microscopy. the higher the cooling rate, the smaller are the do-

. . mains.
No superstructural reflections were revealed in the

X-ray diffraction patterns of the sintered sample. It is On the whole, our study shows that ordering is an
understandable, as the maximal sintering temperatusdfective tool for creating nanostructures in dispersed
(2000 K) is much higher than the temperat(tg,,, and compact nonstoichiometric compounds. Presum-
of the orderdisorder phase transition. To reach the or-ably, the disordesorder transitions occurring with
dered state in the sample, the heat treatment show@lume change can be used to generate nanostructural
be performed at a temperature close T, s states of other materials, including strongly nonstoi-

. hiometri m nds.
To conclude: The formation of a nanostructure ofc ometric. compounds

dispersed and compact nonstoichiometric vanadium

carbide VG g;5 is due to the disordeorder phase ACKNOWLEDGMENTS
transition VG, g;5 = VgC; in this carbide. Nanocrys-
tallites of dispersed ordered nonstoichiometric vanag,,
dium carbide have the shape of strongly bent plate§ige and to O.v. Makarova for assistance in certifica-
(disks) from 400 to 600 nm in diameter and-2H nm tion of vanadium carbide

thick. The internal part of a nanocrystallite consists '

of ordered \4C, with a high degree of long-range or-  This work was financially supported by the Rus-
der and negligibly low content of dissolved oxygen.sian Foundation for Basic Research (project no. 99-
Chemisorbed oxygen in amount of 3.1 wt% and &3-32208a).
considerable number of vacancy agglomerates are

present in the surface layer of nanocrystallites, indi-

cating their loose structure. The thickness of the SUr™1 - Gusev, A.l., Nanokristallicheskie materialy: metody
face phase does not exceed 0.7 nm or four atomic " pojucheniya i svoistva(Nanocrystalline Materials:
monolayers. Preparation Methods and Properties), Yekaterinburg:

The observed morphology of nanocrystalline pow- Ural. Oti'l ROSS'RAkad'I,NaUk’ 1993. llicheski
der of nonstoichiometric vanadium carbide may orig- < rcn;gtseer\i/él (Naannocr setrf?lﬁﬁe' Gﬁé’fgﬂs “I\S/ltgs(':%vs_slz';_
inate from grain cracking on interfaces between the —-uq 2y000. y ’ '
disordered and ordered phases. In fact, hlgh-temperag_ Gusev, A.l,Usp. Fiz. Nauk 1998, vol. 168, no. 1,

ture X-ray measurements [14] showed that, at 1413 p. 55.

20 K, the lattice spacing of the crystalline face-cen- 4 Wurschum, R. and Schaefer, H.-ENanomaterials:
tered cubic sublattice increases jumpwise by 0.4 pm Synthesis, Properties, and Applicatioilelstein, A.S.
as a result of the disordesrder phase transition and Cammarata, R.C., Eds., Bristol: Inst. of Physics,
VCqg75 = VgCy; the size of domains of the ordered 1996, p. 277.

phase is~20 nm. According to [15, 17], the order- 5. Gleiter, H., Nanostruct. Matef. 1995, vol. 6,
ing VCyg75 > VgC; takes place at 136812 K by nos. +4, p. 3.

The authors are grateful to H. Labicka and A. Weis-
art for taking electron micrographs of vanadium car-
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