
Anisotropy of strain distortions in nanopowders of nonstoichiometric
vanadium and tantalum carbides

A.I. Gusev ⁎, A.S. Kurlov, T.D. Bel'kova, A.M. Bel'kov
Institute of Solid State Chemistry, Ural Branch of the Russian Academy of Sciences, Pervomaiskaya 91, Ekaterinburg 620990, Russia

a b s t r a c ta r t i c l e i n f o

Article history:
Received 5 December 2014
Received in revised form 25 February 2015
Accepted 3 March 2015
Available online 6 March 2015

Keywords:
Vanadium carbide
Tantalum carbide
Nonstoichiometry
Inhomogeneity
Nanopowders
Anisotropy of microstrains
Particle size

For the first time, the effect of milling energy and nonstoichiometry of vanadium carbide VC0.875 and tantalum
carbide TaCy (0.81 ≤ y ≤ 0.96) on microstrains anisotropy and the particle size of nanocrystalline powders has
been studied experimentally by the X-ray diffraction method. A functional dependence of reduced broadening
of diffraction reflections on the scattering vector has been obtained, which takes into consideration the contribu-
tions from size, strain and inhomogeneity broadenings. The average size of coherent scattering regions and the
value of microstrains in crystallites accounting for anisotropy of strain distortions have been estimated. It is
shown that allowance for anisotropy of microstrains and inhomogeneity broadening gives more accurate de-
scription of the experimental results on diffraction reflection broadening and more accurate determination of
the nanoparticle size.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Compounds of IV–VI group transition metals with carbon or nitro-
gen, MXy, have wide homogeneity intervals and belong to the group
of strongly nonstoichiometric interstitial compounds [1–3]. Strongly
nonstoichiometric interstitial compounds and their solid solutions are
the hardest and most refractory substances that we know. The content
of structural vacancies in the nonmetal sublattice of these compounds
may amount to 30–50 at.% at the lower boundary of the homogeneity
region. Owing to the large concentration of structural vacancies, they
possess radiation stability [4]. The high concentration of structural va-
cancies is a prerequisite of wide-spread ordering of nonstoichiometric
compounds [3,5–14], which is accompanied bymodification of the crys-
tal structure, microstructure and all properties. In modern engineering,
these materials are used for the production of structural and tool mate-
rials capable of working at high temperatures, in aggressive media and
under high loads, etc.

In the recent twenty years, nonstoichiometric compounds, especial-
ly carbides and carbide solid solutions, are actively produced, studied
and employed in nanocrystalline state [15–18]. The microstructure of
nanocrystalline substances differs noticeably from that of coarse-
grained compounds [19–22]. The most important components of the

microstructure of nanostructured substances are the particle (grain)
size and lattice microstrains.

Vanadium, niobium and tantalum carbides are the most extensively
used cubic carbides of transition metals. They are applied as grain
growth inhibitors in hard alloys based on tungsten carbide. During
sintering of nanostructured tungsten carbide based hard alloyswith ad-
ditions of nanocrystalline carbide powders VCy, NbCy and TaCy, it is nec-
essary to take into account the presence and space distribution
(anisotropy) of microstrains in the nanopowders to provide the homo-
geneity of sintered hard alloys [18,23]. According to [23], abnormal
grain growth occurredwith a highmicrostrain introduced throughmill-
ing. The conditions of annealing of microstrains depend on their value
and anisotropy.

VanadiumcarbideVC0.875 is used also as an important element of the
structure of alloyed steels. The mechanical properties of such steels de-
pend on the form of disperse carbide precipitates. According to [24,25],
during alloying of cast iron and steels with carbide VC0.875, disperse car-
bide particles are precipitated in the form of ordered phase V8C7. The
size of the disperse precipitates depends on the value of microstrains
in them.

X-ray and neutron diffraction is the only method for the determina-
tion ofmicrostrains as an important component of themicrostructure of
nanostructured substances. It allows one to determine simultaneously
the particle size and the inhomogeneity of substance, which cannot be
achieved by any other experimental techniques including electron
microscopy.
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In diffraction experiment, the particle size D and the value of
microstrains ε are estimated from the broadening of diffraction reflec-
tions. The value of microstrains depends appreciably on the method of
production of nanomaterial.

The nanotechnologies for the production of nanostructured mate-
rials are conventionally divided into two groups: bottom-up and top-
down [26–28]. The bottom-up technologies are based mainly on chem-
ical methods including the sol–gel technique and different methods of
synthesis and deposition from aqueous and non-aqueous solutions at
low temperatures. The microstrains in the substances produced by
these methods are usually small (0.1–0.2% and lower) and exert almost
no effect on the properties.

The production of nanostructuredmaterials by top-down nanotech-
nologies is connected mainly with the use of physical methods. Among
them, the methods, in which particles (grains) are milled as a result of
strong mechanical action, such as intensive plastic deformation and
high-energy milling, occupy a special place [15,29,30]. The nanostruc-
tured materials produced by these methods feature a high concentra-
tion of dislocations and a large value of microstrains. Diffraction
examination of the microstructure of such nanomaterials revealed the
effects induced by anisotropy of microstrains [31–35].

Small grain (crystallite, particle) size D and microstrains ε of the crys-
tal lattice caused by its strain distortions and by displacements of atoms
owing to the presence of dislocations are themost familiar reasons of dif-
fraction reflection broadening. The less known reason is inhomogeneity
[6,36,37], i.e. heterogeneity (nonuniformity) of the composition of a sub-
stance over its volume. Inhomogeneity is possible in compounds and sub-
stanceswith atomic or atomic-vacancy substitution: in nonstoichiometric
compoundsMXy (MXy□1 − y, where X=C, N, O, and□ is a structural va-
cancy) and solid solutions (alloys) AyB1 − y. In the presence of inhomoge-
neity, the composition of nonstoichiometric compound MXy or solid
solution AyB1 − y varies in the interval y±Δy, whereΔy N 0 is inhomoge-
neity. The particles (grains) of inhomogeneous nonstoichiometric com-
pound have different compositions and, consequently, differ from one
another by the value of interplanar distances d±Δd and lattice constants.
In this case, any reflection is a superposition of diffraction reflections from
particles (grains) with different interplanar distances and therefore a re-
flection is broadened (Fig. 1).

Up to now, the effect of nonstoichiometry and small particle size on
the peculiarities of themicrostructure of nanocrystalline substances has
never been discussed in the literature. This has to do with the circum-
stance that the number of strongly stoichiometric compounds (mainly

superhard cubic carbides and nitrides of IV and V group transition
metals) is small [3,5,6] and their production in the nanocrystalline
state is rather difficult.

In this connection the aim of the presentwork is experimental X-ray
diffraction (XRD) study of the effect ofmilling energy, nonstoichiometry
and inhomogeneity on the diffraction reflection width and subsequent
estimation of anisotropy of microstrains and particle size. The objects
of investigation are nanocrystalline powders of nonstoichiometric
cubic (space group Fm3m) vanadium carbide VC0.875 and tantalum car-
bide TaCy with different relative contents of carbon, 0.81 ≤ y ≤ 0.96,
produced by high-energy milling of coarse-grained powders.

2. Samples and experimental techniques

The initial coarse-grained powders of nonstoichiometric vanadium
carbide VC0.875 and tantalum carbides TaC0.81, TaC0.86, TaC0.90 and
TaC0.96 with the average particle size of 1–3 μm were produced by us
with using the patented technique [38]. The method of synthesis is de-
scribed in detail in [3,5,6].

Coarse-grained powders of nonstoichiometric vanadium and tanta-
lum carbides were milled in a PM-200 Retsch planetary ball mill with
the angular rate of rotation ω = 8.333 rps. In all the experiments, the
charge mass M, i.e. the mass of the powder to be milled, was 10 g, the
total mass of grinding balls was ~100 g and the number of grinding
ballswas ~450. The volumeof themilling cupwas50ml. Duringmilling,
15 ml of isopropyl alcohol was added, and after milling the powder was
dried. The duration of milling of initial coarse-grained powders was 5,
10 or 15 h. The milling procedure is described in detail elsewhere [15,
39–42].

According to [39,40], the energy of milling Emill with the use of a PM-
200 Retsch planetary ball mill has a form of

Еmill ¼ κω3t; ð1Þ

where κ ¼ 8π3akNbm R2
c þ r2

� �1=2
Rc

64−3 r=Rcð Þ4
64−16 r=Rcð Þ2 is a constant coefficient

typical of a mill with sizes Rc and r; ω is an angular rate of rotation of
themill in revolution per second; and t is the duration of milling in sec-
onds. For a PM-200 Retschmill, the parameters entering into the coeffi-
cient κhave the following values:Rc=0.075m is the radius of the circle,
roundwhich the axis of the cupmoves; r=0.0225m is the inner radius
of the cup; the total mass of grinding balls is Nbm= 0.1 kg, where Nb is

Fig. 1. The model of inhomogeneous broadening: (a) grains of inhomogeneous nonstoichiometric carbide MCy have different compositions and differ from one another by the value of
interplanar distances d ± Δd; (b) in this case any reflection is a superposition of diffraction reflections from grains with different interplanar distances and therefore broadens.
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