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abstract

An approximate band structure for VC has been derived. From this,
it is concluded that the bording in VC arises primarily from interactions
between orbitals on the metal atoms, and that this component of the bonding
is stronger in VC than in TiC. Measurements of the compressive yield strength
of VC, & single crystals over the range 900°-1800°C support this conclusion.
However, a domain structure, associated with ordered carbon vacarncies, has been
observed in these crystals. The anisotropy introduced by such ordering may

also contribute to the higher strength of this material.

To be published in the Proceedings of the AFML International Symposium on

"Anisotropy in Single_Crystal Refractory Compounds”, June 1967.




I. Introduction

The refractory hardmetals constitute a group of compounds which appear

to have great potential for future high temperature applications. Of these
compounds, ihe cubic carbides TiC and VC are particularly interesting because

of their high ratios of strength to density. Few of the carbides have been
studied extensively, but the availability of TiC single crystals with various
compositions in its wide phase field has permitted rather detailied investiga-
tions of its properties (1-3). Thbese studies have confirmed the conclusions
from earlier work on less well characterized materials that the properties of

TiC and the other carbides are strongly dependent on carbon content. For example,
the jield stress of TiC a: 1000°C has been shown to increase linearly from about

20,000 psi at a composition near Ti to about 50,000 psi at TiCO 97 (1).

Co.7’
It hes been suggested that this increase inrstrength of TiC with car-
bon content is a conscquence of an increase in the Peierls stress (1,4). This
extremely temperature-sensitive lattice-friction stress arises from electronic
interactions between the constituent atoms in the lattice. To deduce the nature
of these electronic interactions, studies of the band structure of +his material
have been made (5), and it has been shown that the predominant contribution to
the bonding is from covalent metal-metal bonds. However, the strength of these
bonds increases with carbon content because (i) carbon atoms domate electrons to
crystal states derived from metal atom wave functions, and thus increase the number
of *d-electrons available for metal-metal bonding, and (ii) the presence of car-

bon atoms in overlap regions of neighboring metal atom 3d-orbitals introduces a

potential that increases the strength of the metal-metal interactions. Similar




behavior is expected in the other trensition metal carbides, although modified in
detall and strength by the individual characteristics of the metal atoms.

The present investigation is directed toward understanding the electronic
interactions which govern the mechanical behavior of the carbides in general, so

that alloying with other transition metal compounds can be used to modify their

properties in a controlled manner., When the alloying elements have similar atomic
radii and electronic levels, it i1s reasonable to assume that a semi-rigid band
model wiil describe the resulting alloys (6). Th2 properties of alloys formed
from such elements are expected to depend on composition in a relatively simple
way, and for this reason the TiC-VC system has been chosen to begin the study.

The initial phase of the program, reported here, has been concerned with the pro-

perties of VC crystals.

II. Band Structure and Bonding in VC

In the simple two-center tight-binding approximation, the band structure :
of VC would be expected toc differ from that of TiC because of differences in the
one electron energles of the two metal atoms, and the two-center integrals be- »
tween wave functions on neighboring atoms (7). Differences in the onme electron
energies (8) are expected to cause the 2 and 2p bands of carbon and the Ls band
of vanadium to lie approximetely 1 eV higher relative to the metal d-bands in the
VC than they do in TiC. These displacements of the cenergy bands will modify the
8-d and p-~d hybridization, but in other respects should leave the d-bands rela-

tively unchanged.




-3 .

Because the lattice constants and metal atomic radii bave approximately
the same proportions in TiC and VC, many of the two-center integrals have similar
values in the two compounds., However, the smaller lattice constant of VC will
cause the carbon-carbon interactions to be somewhat stronger in this material
than they are in TiC. Moreover, because the interactions between d-functions on
neighboring metal atoms are influenced by the potential of carbon atoms in the
overlap region, the effective values of the two-center integrals used to repre.
sent these interactions also will be greater in VC. Tbus, the energy bands will
be shifted and broadened in VC, but the principal characteristics of its band
structure are expected to be closely similar to those of TiC, and these similari-
ties will be reflected in the physical properties of the two compounds. 1In perti-r
cular, because the initial and final states of important optical transitions are
shifted by approximately equal energies, the optical properties of VC are expected
to exhibit many of the prominent features found in the spectrum of TiC (2).

The expected behavior has been obse - 1 experimentally ir comparative
studies ol the reflectivity from TiC and VC. In the present work, measurements
were made of the near-normal-incidence reflectivity from a mechanically polished
(100) face of a '00.85 single crystal. A modified Beckman DK-2 spectrophotometer
was used for the spectral region from 0.5 eV to 5 eV. For the region from 3.5 eV
to 14 eV, measurements were made with a Jarrell-Ash Model 78-660 vacuum uitra-
violet monochromator using a 1 meter focal length grating anmi a hydrogen.filled

Tanaka capillary discharge tube as the light source. A composite of the results

from several measurements is shown in Fig. 1, together with the near-normal-incidence
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reflactivity from a cleaved {100) su-face of a 'l‘ico.79 single crystal (2). The
spectrs are indeed similar, which indicates that the principal high-energy band
gaps are equal in the two carbides to within approximately + 0.5 evV.

The band structure near the Ferml level is also expected to te similer
in the two carbides. Muny of the prominent features in the density-cf-states
curve near the Ferml Jlevel are determined primarily by the d-bands of the fecc
array of matal atoms, and these features are relatively unaffected by small changes
in the band parameters. Thus, the calculated density-of-states curve for TiC
shown in Pig. 2 (2) can be used as a guide in estimating the properties of VC.

In TiC, the Fermi level of the staichiometric compound falls near the minimm (a)
in PFig. 2. Waen carbon ls removed from the lattice, the band structure changes
s8lightly, but the pror nent features in the density-of-states curve remain., As
the electrons contributed by carbon atoms are removed, the Fermi level moves to
lower energles and the density of states at the Ferml level increases toward the
meximum at (A).

When allowance is made for the extra electron of vanadium and for the
higher energy (lower occupency) of the 2s, 2p, and hs bands in VC, the Fermi level
of VC, gg 18 ectimated to fall near the minimum (b). As carbon is removed from
the vc0.88 lattice, the Fermi level moves to lower energies and, as in TiC, the
density of stetes at the Ferrl level increases. In VC, however, the Fermi level
moves within the region (b)-(B), so that the increasing density of states appears
to be associated with a maximum that is different from the one that determines the

bebavior of TiC .

*These features of the density-of-states curve are characteristic ~2 3d bands in an
fce lattice, but they are modified somewhat by hybridization interactions in the
carbide lattice.
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A varistion in density of states with composition similar to the depen-
dence suggesteu here hss been observed by Bittner and Goretzki (9) in their
measursments of magnetic susceptibility. It appears possible, therefore, to
account for both the magnetic susceptibility and the cptical reflectivity of
VC with only small mocdifications to the band structure of TiC. The Ball coeffi-
cient of VC observed by Tsuchide et al. (10) also can be explained if the d-bands
are broadened to the extent that an electron pocket ccutaining one electron/metal
atom is formed at the cent~r of the Brillouin zone by energy btands with de sym-
metry. Flgure > shows & proposed band structure for VC which includes this elec-

tron pocket at P and has the 2s, 2p, 4s, and 4p bands raised by approximately

2'5
1 eV from their positions in the band structure of TiC. }

If the arguments discussed above are applicable, the bonding in VC is
very nearly the same as it is in TiC. That is, it arises in large part from
essentially covalent interactions between wave functions on the metal atoms
(metal-metal bending), but because the carbon atoms are located in the overlap
region, these ixteractions are stronger than they would be in (hypothetical) fece
vanadium metal. Sowever, tiis metal-metal bonding probably is somewhat stronger
in VC than in TiC because the smaller lattice constant permits the vanadium wave
functions 10 overlap closer tc thé cores of the carbon atoms. Because the lower
d-states are more strongly bonding and the bonding portion of the d-beand is more
nearly filled, the d-band of VC contributes relatively more to the cohesion of
VC than it does in TiC, whereas the 2p, ks, and 4p bands comtribute less. 7ihe Zs

band bas only a secondary effect on the bonding of both compourds. A slightly
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larger transfer of electrons occurs from carbon to vanadium states in VC, so that
the ionic contribution to the bonding may be somewhat larger than it is in TiC,
but in neither compound does it appear to contribute an important part of the
cohesive energy.

In most respects, then, the mechanical behavior of VC should be similar
to that of TiC, but the enhanced bonding due to interactions between metal atom
d-aorbitals may increase the effective Peierls stress in VC and thereby increase
its hardness and strength., Qualitative support for this conclusion has been
obtained from studies of the mechanical properties of VC, but the resulte are
not yet conclusive because of irterfering effects introduced by the presence of

an unusual substructure in the crystals.

III. Growth and Structure of VC

Single crystals of Vco.85 have been grown under 10 atmospheres pressure
of pure helium using a conventional floating zone technique (11). Isostatically
pressed and sintered éarbid.e rods were heated with an r.f. induction coil, and a
molten zone about 1 cm. in height passed along the rod at a rate ur approximately
1 cr/hr. Preferential growth of one grain occurred, usually with a low index
Airection close to the axis of the rod. Under optimum corditions, crystals greater
than 1 cm. in diameter and 8 cm. long were produced in this manner, Fig. 4. The
crystals were annealed at 1800°C for 5 hrs, followed by furnace cooling. Chemical
analysis indicated that the materisl contained approximately 0.1 w/o each of oxygen
and nitrogen, as well as traces of metallic impurities. However, since all such
impurities form mutually soluble compounds at these low concentrations, they are

not likely to influence the properties of the material significantly.
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Examination of these crystals by optical microscopy, transmission
electron microscopy and selected area diffraction bas revealed the existence of

a superlattice and an associated domain structure, Fig. 5 {a,b, and c). The super-

lattice appears to resuit from the ordering of carbon vacancies, as has been
suggested by de Novion et al, (12) on the basis of X-ray diffrection data ob-

tained from VCO 89 powders. The domain structure results, in turn, from the

fact that this superlattice can assume several possible orientations within the

VC crystal lattice. ‘''he superlattice spots obtained by electron diffraction from

crystals grown at RIAS (vco.85) can be indexed on the basis of an hexagonal unit
cell, but not on the basis of the cubic unit cell derived by de Novion et al (5).
This difference may indicate that the type of vacancy ordering occurring in VC is
a function of carbon content.

The existence of an hexagonal superlattice within the fecc VC lattice
introduces an anisotropy which has a profound effect on the responss of such
crystals to polarized light. The strong birefringence associated with this
¥ anisotropy allows the domain structure to be observed optically when the domains
are sufficiently large; each domain exhibits a coloration different from that of

its neighbors when the crystal is viewed in reflected polarized light between

: crossed Nicols, Fig. 5 (c).

The present observations demonstrate that VC cannot, in general, be re-
garded as an isotropic material, and it is expected that the comsequences of
departures from isotropy will be evident in many of its physical properties, and
perhaps also in its mechanical behavior., The latter possibility will be dis-

cussed briefly in the next section.
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A nore detalled analysis of the domain structure is in preparation

and will be presented elsewhere (13).

IV. Mechanical Behavior of vco 85 Crystals

The mechanical properties of single crystals of VCO.85 have been in-
vestigated over the temperature range 9000-180000. Compression specimens,
approximately Smm x 3mm x 3mm in size, were cut from the annealed crystals using
an annular diamond saw, and their surfaces were mechanically poiished in the usual
manner, finally using ],/lm diamond paste. Compression tests were conducted in an
Instron machine equipped with a Brew 1064 tungsten-mesh furnace maintained at a
vecuun of 10'6 Torr.

To establish the deformation mechanisms in VC, crystals were compressed
along [001] and [012] directions, far which the Schmidt factor is greatest on the
(110} (130) ax2 (111} (110) systems, respectively. The slip patterns observed on
specimens compressed along {001] directions did not allow conclusive identifica-
tion of the operative systems, probably because of interference between several
- systems. However, Fig. 6 shows the slip line structure exhibited by the (0Z1)
face of a crystal deformed in the [012] direction at 1400°C. The pattern is
consistent with slip occurring on {111} planes, and the ‘'wavy'® appearance of the
s8lip lines is characteristic of a material of high stacking fault energy. These
observations are similar to those made earlier on TiC of similar stoichiometry
(1,3), so that it is likely that the dislocation structures and slip mechanisms

of VC are similar to those observed in TiC.

MR NI g~ oS < s T = T




Slip lines on the (021) face of a VCy g5 crystal compre -ed 2% along

[012] at 1400°c. The 730 angle between intersecting slip lines is

consistent with slip on (111} planes.
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Preliminary measurements of the critical resolved shear stress (c.r.s.s.)
for slip on the (111} (110) system of Vco.s5 are presented in Fig. 7. These re-
sults may be compared with data from TiC aad ZrC crystals of similar stoichio-
metry. The c.r.s.s8. of vco.85 is greater than that of either of the other car-
bides, but decreases rapidly frcm a value of ebout 25 kg/mz (36,000 pei) at
1250°c, to 2 Kg/nln2 (2,800 psi) at 155000. The rate of decrease in strength above
the brittle to ductile transition temperature (~ 1zoo°c) is even more rapid than
that observed previously for TiC or ZrC. Nevertheless, the raitio of compressive
yield strength to density at 1250°C is greater than 400,000 in., which consider-
ably exceeds that for either pure TiC (~ 125,000 in.) or boron-doped TiC (190,000 in.)
at this same temperature. However, the superior properties of VC in the unalloyed
state are limited to the tempersture range 1200-15000(,‘ because of its rapid de-
crease in strength with increasing tempverature.

The observation that VC is the strongest of these carbides at equivalent
stoichiometry would ordinarily be somewhat surprising, becauvse the melting point -
which is often taken as a measure of the stability of & solid . of VC (2650°C max. )
15 considerably less than that of TiC, (5250°C mex.) (15). However, the increased
strength of the metal-metal bonding in VC over that in TiC predicted in Section II
correlates directly with these observations.

On the other hand, there may be other factors influencing the strength
of VC which also must be taken into account, far example, the effects of vacancy
ordering ani domain stiructure. Domain walls, such as that shown in Fig. 5 (v), pro-
bably act as barriers to dislocation motion. Tbnus the rapid fall-off in strength
of VC in the temperature vange 1200-1300°C, Fig. 7, might result from the dis.

appearance of these barriers after some order-disorder transition, or from
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domain-.wall movem=nt at these temperatures. Preliminary results are in accord
with this possibility, inasmuch that metallographic studies have demonstrated
that domain configuration is changed by annealing at 1300°C, but not by anneal-

ing at 1250°C.
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Preliminary estimate of the band stru-twe of VC obtained by means of

a two-center, tight-binding approximation.
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