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The crystallographic structure of vanadium carbide having

a carbon-to-metal atom ratio close to 0.83 has been determined from

electron diffraction and nuclear magnetic resonance (rThfR) studies.

Material of this composition occurs within the nominally cubic

(rocksalt) phase field of the vanadium-carbon phase diagram, but

in this investigation it is shawn that the structure is modified

substantially by an unusual type of ordering that is associated

with the carbon sublattice. The ordered structure is based on

two interpenetrating fcc lattices, only one of which (the metal

lattice) is completely occupied. The other is only 83i filled, but

the carbon atoms (and carbon vacancies) are distributed in an

ordered manner on the available lattice sites. As a consequence of

ordering, the electron diffraction patterns exhibit supplementary

spots which may be analyzed to obtain information regarding the

symmetry and size of the superlattice unit cell. Moreover, the ITh{R

of the pr~ncipal vanadium isotope, V5l, exhibit spectra which pro-

vide information about the disposition of carbon atems within the

unit cell.

In the proposed structure, which belongs to the t~igonal

space group F3l, or its enantiomorph F32, the carbon atoms and car-

bon ~cancies are arranged so that all the vanadium atoms have



exact~ five nearest neighbor carbon atoms. The observation that
ordering in material of this composition leads to a distribution
of atoms that is homogeneous on an atomic scale is consistent with
the electronic structure of vanadium carbide as it is currently
understood, and suggests that it is appropriate to refer to the
ordered compo~d as V6C5•

When the ordered compound is examined for extended periods
of time in a 100 kV electron microscope, it is observed that the
material becomes slowly disordered. Several possible explanations
were considered for this effect, but it has been concluded that the
disordering results from the displacement of carbon atoms by impinging
electrons (i.e., by radiation damage). To determine the magnitude
of the displacement threshold, studies have been rrade of the dis-
ordering rate under electron bombardment at energies from 33 keV
to 100 keV, using a Faraday cup to measure superlattice spot inten-
sities. The results have been compared with a theory for the damage
process, from which it is concluded that the displacement energy of
carbon atoms in V6C5 is 5.4 eVe

This value is unexpectedly low in comparison with the values
that have been reported for most other materials, but it is consis-
tent with a simple model for the displacement mechanism which appears
to account for the threshold energy in this, and a number of other
solids also. According to this model, observ~ble damage will occur



in a solid only if the displaced atom has sufficient energy to (1)
create a vacancy, (2) permit transferring the energy pulse for n
interatomic distances through the lattice to a position at which
the vacancy-interstitial pair is stable, and (3) form an intersti-
tial at the terminal point of the disturbance. calculations show
that for most solids, the threshold energy is determined princi-
pally by mechanisms (2) and (3), but for V6C5 only the first pro-
cess is important since a large number of vacant sites are avail-
able in the carbon sublattice to accept a displaced atom with the
expenditure of very little energy.

The fact that V6P5 can be disordered in si~~ by electron
microscope beam bombardment has presented an unusual opportunity
to study the effect of electron channelling on radiation da~age
rates. It has long been a question whether significantly less
damage occurs when a sample to be irradiated by energetic elec-
trons is oriented for "anomalous transmission," a phenomenon which
is similar to the Borrmann effect for x-rays and to channelling for
ion beams , Experiments with ion beams have demonstrated that the
damage rate in channelling orientations can be 10 times less than in
-random orientations, but no analogous experiments have been performed
previously for electron damage because of the small angular separa-
tion between the channelling and de-channelling orientations. The



small divergence of the electron microscope beam, the ability to
orient the crystal with great precision, and the fact that the full
analytical capabilities of the electron microscope can be used to
monitor the damage process in V6C5 have now made such an experiment
possible.

Finally, studies have been made of the re-ordering kinetics
of radiation damaged V6C5 to determine the activation energy for
carbon diffusion. These measurements, which have been made in a

otemperature range about 1000 C below that for which previous values
have been obtained, have important implications for the mechanical
properties of V6C5 and provide an explanation for the extremely
short time constant associated with the order-disorder transformation

in this material.
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PART I



. CHAPI'ER 01"E

INTRODUCTION

1.1 A brief review of ordering in the "cubic" carbides
The transition metal carbides belong to the class of refrac-.

tory hard metals that are formed by reacting a Group IV, V, or VI
transition element with one of the small nonmetals such as boron,

•carbon, nitrogen, or oxygen. The unusual properties of these com-
pounds have been discussed by Schwarzkopf and Kieffer,(l) Kieffer
and Benesovsky,(2) storms,(3) GOldScr~dt,(4) H0110x,(5) and
Wi11iams,(6) but generally they are characterized by their high
melting points, extreme hardness, metallic reflectivity, and metallic
electrical conductivities that are comparab l,eto those of their
parent metals. Within varying composition limits all of the Group
IV and V carbides exhibit a nominally cubic structure in which the
metal atoms occupy close packed fcc positions with the nonmetal
atoms arranged in the octahedral interstices. (1-3) This structure
is isomorphous with that of NaC1, but the metallic nature of the
carbides'suggests that it is more appropriate to consider them as

.fcc metals which are stabilized by the presence of carbon atoms. (7) •

This interpretation has received. support from the description of
(8-10) ( )bonding in TiC and VC derived by Lye to be discussed below

. (11)and the observation by William and Schaal that the slip system
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of TiC, (111) (110), corresponds to that of fcc metals, rather than
to that of NaCl, in which slip on (111) planes is inhibited by the
ionic character of its bonding.

studies of the phase equilibrium in the MC carbides have
shown that they retain their stabilized fcc structure over a relatively
wide phase field. For exampie, storms(3) phase diagram for the
titanium-carbon system indicates that the range of homogeneity of
TiC , where x is the carbon-to-metal atom ratio, extends from x = 0.53x
to 0.96. The range for VC is somewhat more limited because of thex
presence of a.V2C phase at the low carbon end and a broad two phase
VC + C region at high carbon concentrations, but as indicated by
Adelsberg and cadoff,(12) the carbon-to-metal ra~io can vary from
x = 0.67 to 0.89.

tre(8-10) has proposed an explanation for the wide homo-
geneity range of VC and TiC which is based upon the current under-
standing of their unusual electronic structure. According to the
results of his semi-empirical LCAO band structure calculations, the
outer electrons of the six metal atoms surrounding a carbon atom

. overlap onto the carbon atom site depositing a negative charge there.
This raises the potential energy of electrons on the carbon atoms
enough to elevate electrons in the upper portion of the bands derived
from carbon 2p states above those of vacant states in the 3d and 40
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bands associated with the metal atoms. To minimize their energy
these electrons are redistributed into the lOwer lying bands, mostly
3d bands, where they occupy normally vacant states. Since these
states make important co~tributions to the total cohesive energy,(9)
their degree of occupancy plays a major role in determining the phase
changes which accompany variations in stoichiometry.

In VC thosed-states whose orbitals overlap in a bonding
configuration become completely filled when the carbon-to-metal
atom ratio is approximately 0.91.(13) Beyond this composition, addi-
tional carbon atoms contribute electrons to antibonding d-states, but
to avoid this it might be expected that carbon would segregate to a
more energetically favorable form. The presence of a transformation
from single phase VC to VC + C at a carbon-to-metal atom ratio of .
approximately 0.89(12) suggests that the position of the upper phase
boundary in VC can be accounted for by the tendency to avoid the
occupation of antibonding states.

No such restriction is imposed upon the carbon concentration
in TiC because the bonding states are not completely filled even at.
the stoichiometric limit.(13) This slight difference in the elec-
tronic structure of TiC, relative to that of VC, is reflected in the
ability of TiC to attain a carbon-to-metal atom ratio which is very
close to unity.(3) Whether TiC can be prepared at precisely the

/
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stoichiometric composition remains a controversial qUest10n,(3) but
in spite of this uncertainty, it appears that the position of the
upper phase boundaries for these materials can be explained in a
semi-quantitative manner on the basis of Lye's model for their elec-
tronic structure.

When the carbon concentration is decreased to a value well
below that at the upper phase boundary, the number of electrons asso-
ciated with metal atom states diminishes toward the normal value for
the pure metal. In TiC the titanium atoms achieve their normal com-
plement of electrons at a carbon-ta-metal atom ratio of 0.6 and, as
suggested by Lye,(B) it is not unreasonable to expect a phase trans-
formation to the usual hcp structure at this composition. Support
for this description of the behavior of TiC in terms of the occupa-
tion of metal atom electronic states is obtained from storrr~(3) phase
diagram which places the phase boundary between TiC and ~ - Ti + TiC
at x = 0.63. Similar arguments undoubtedly apply to other carbides,
but in some cases, e.g. VC, the situation is complicated by the pre-
sence of other phases. These phases may also be understood in terms
of the electronic structure, but further discussion of this question
will be deferred until Chapter Nine.

On the basis of these considerations, the large breadth of
the homogeneity range and the significant deviation of the upper
phase boundary from integral stoichiometry are readily explained as

!
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intrinsic features of the carbides. Thus, the electronic structure of
these compounds permits and sometimes enforces the presence of an un-
usually high (carbon) vacancy concentration, which can be orders of
magnitude greater than that established normally by thermal equilibriltm
requirements. No stuqy of the carbides would be complete unless the
behavior imposed by such a large vacancy content were understood, and,
in particular, it would seem reasonable to expect that some physical
and mechanical properties would be sensitive to the degree of order
exhibited by the carbon atoms and carbon vacancies on their sublattice.

Among the first reported attempts to look for ordering in
non-stoichiometric carbides was the work of Gorblli~ovet al. in
1961.(14) Using neutron diffraction, to take ad'rantage of the rela-
tively large scattering cross-section of carbon atoms for this type
of radiation, they concluded that the vacancies are distributed
randomly in TiC throughout the entire composition range. Later,x
similar experiments by Goretzki(15) indicated that carbon vacancy
ordering does occur in TiC but only in the composition range x = 0.64
to x = 0.72. Goretzki rationalized these somewhat divergent results
by claiming that Gorbunov et al. had not examined material of the
appropriate compositions.

Neutron diffraction techniques have also been applied to
the study of NbCO•75 and TaCO•75 by Zubkov et al.(16) who observed
superlattice lines that they attribute~ to ordering in the carbon
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sublattice. unfortunately, these studies were restricted to the
one composition, x = 0.75, since the authors were attempting to
demonstrate a particular point derived from energy considerations
based on Bilz's(11) electronic band structure calculations, namely,
that nearest neighbor carbon vacanc~ pairs should be unstable in the
Group V carbides. (It can be shown(16) that the only way to avoid
such pairs in an MC carbide having a carbon-to-metal ratio x = 0.75,
is through ordering of the vacancies.) Thus, the degree of order
exhibited throughout the remainder of the MC phase field for these
materials is uncertain.

Conclusive evidence for ordering in vanadium carbide was
reported in 1966 by de Novion, Lorenzelli and costa,(18) who observed
~eak 6uperlattice lines in Debye-Scherer X-ray patterns of veO.8B
powders prepared by heating the metal hydride in contact with gra-
phite. They attributed the supplementary lines to an ordered dis-
tribution of carbon vacancies, and, from an analysis of the observed
systematic extinctions, concluded that VCO.88 (v8C7) should be des-
cribed in terms of a cubic unit cell with symmetry p4332 or p4l32

oand a parameter, a = 8'33 A, t~ice that of the NaCl cell. In asso-o
ciated work, Froid~vaux and Rossier(19) were able to confirm the

.vacancy ordering described by de Novion et al.(18) by investigating
the nuclear magnetic resonance (m{R) of the principal vanadium i30-
. 51tape, V 1 in VC specimens. The resonance spectra exhibited a line

I
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splitting characteristic of nuclei with a quadrupole moment that
are situated in a non-cubic local environment. This observation
was not unexpected since missing carbon atoms destroy the local
cubic symmetry; however Froidevaux and Rossier were able to asso-
ciate specific peaks in the spectra with nuclei in sites having
0,1,2, and 3 nearest neighbor carbon vacancies. The relative popu-
latlon of these sites differed substantially from that expected from
a random distribution of vacancies, and on this basis they concluded
that the carbon atoms were arranged in an ordered manner.

Although the presence of long range order in VCO.88 was
definitely established trJough combined X-ray diffraction and NNE
measurements, the situation in material having a lower carbon con-
centration was somewhat less clear. According to de Novion et al.,(lS)
the cubic superlattice X-ray line intensities, which are functions
of the long range order parameter, stufered a marked decrease as
the carbon concentration was reduced below that of VSC7. On the
other hand, the experimental distribution of vanadium sites having
0,1,2 and 3 nearest neighbor carbon vacancies (as determined by
lThm(19» differed substantially from a random distribution throughout
the entire composition range. Since the NMR techni~ue does not, in
itself, readily distinguish between long and short range order, these
apparently divergent results could be rationalized if it were assumed

/
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that the distribution of additional vacancies in the low carbon
material exhibited short range order only. In the following chapters,
however, it will be shown that the situation is much more complex
than this interpretation suggests and that another ordered struc-
ture, which is not readily detected by X-ray diffraction, ferms
when the carbon concentration is slightly below that of V8C7·

1.2 Scope of the present work
Transmission electron microscopy and selected area dif-

fraction have, for many years, been successfully applied to the
study of ordering in metal alloys but only recently have they been
shown to be useful for studying ordered interstitial compolli1ds.
For example, the power of the techniques for sensing relatively
light elements, even when they are present in a host matrix of
heavier atoms, is illustrated by the work of Van Landuyt et al.(20)
who investigated the distribution of (oxygen) interstitials in Nb.
These authors observed supplementary electron diffraction spots and
a domain structure in vacuum annealed Nb which they attributed to
ordering of the interstitial oxygen atoms. From an analysis of the
diffra~tion data, a unit cell having monoclinic s~etry was deduced
for the super'LattLce and the domain structure was explained in terms
of six equivalent orientations of the ordered lattice with respect

to that of the host metal.
I
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Until the present study these techniques had not been
applied to the carbides because the materials generally available
were either powders, sintered compacts, or small crystals that were
not suitable for obtaining thinned sections. HOwever, the successful
production of large single crystals of the carbides in a crystal
growing program associated with this investigation has made such a
study feasible. (2l)

In a sense the scope of this work must be considered some-
what limited since only one composition of vanadium carbide, VC

O
.84'

has been studied in detail. However, the impetus for the investiga-
tion was not simply to collect data on a large number of ~terials
and compositions but, rather, its aim was to obtain an improved
understanding of the unusual properties that make the transition
metal carbides potent1al~ useful materials for future technology.
Thus, an attempt has been made to fully characterize the structure
of one particular ordered compound, V6C5, in the hope that quch
information might contribute to an understanding of the driving
forces, 1.e. the electronic interactions, which establish the order.
Moreover, since the long range ordering observed in V6C5 must be
expected to modify its dislocation structure and thus influence
the mobility of these dislocations, it was hoped that a knowledge

/
,
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of the structure would also contribute to an understanding of the

mechanical behavior. This investigation will be described in Part I.

During the course of the electron microscope studies it be-

came evident that the superlattice and domain structure exhibited

by the ordered compound V6C5 were being disrupted by electron micro-

scope beam bombardment. This effect is interpreted as arising be-

cause carbon atoms are displaced by the incident electrons. However,

the conclusion that a material as refractory as vanadium carbide can

be damaged by relatively low energy electrons is somewhat surprising

and has important implicaticns, not only for the general problem of

radiation damage in solids, but also for the stability of various

refractory materials employed in nuclear reactor technology (e.g.

actinide series carbides and nitrides). Accordingly, the disorder-

ing phencmenon has been subjected to a detailed analysis (described

in Part II) in order to obtain a quantitative value for the thres-

hold energy required to displace a carbon atom in V6C5'

'j
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CHAPI'ER TWO

EXPERJMENTAL DEI'A TIS

2.1 Crystal growth
The vanadium carbide single crystals employed in this study

were grown by W. Precht of RIAS, who employed the floating zone
technique described by Precht and Hollox. (1) starting rods,' 18 cm
long and 2 cm in cllameter,were prepared by Lsoat.at.Lcpressing to
50,000 psi an aggregate containing VCO•92 pOwders (supplied by Con-
solidated Astrona1ltics), small additions of vanadium metal powder
to achieve the desired carbon-to-metal ratio, and 0.5 weight percent
of a binder consisting of 5i polyvinyl alcohol in distilled water.
After sintering at l7000C fer 2 hours in a vacuum of 10-5 Torr, the
rods were diamcnd ground to a constant diameter, see fig. 2.l(a),
to ensure that a uniform molten zone could be maintained during
crystal grOwth-

The crystal growing apparatus, fig. 2-2 and 2-3, is conven-
tional except for the provision of a heavy stainless steel outer can
that allows the furnace chamber to be pressurized with 10 atmospheres
of helium. ~nis inert gas blanket is required to reduce the preferen-
tial volatilization of vanadium which occurs at rapid rates above
2000oC- The sintered rod is held between two water cooled copper
chucks which can be translated up or down to move the work past the

/
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"~O

Fig. 2.1. Single ~rystals of VCo.84 were prepared fer this in-
vestigation by passing a molten zone along a sintered rod such
as that shawn in Ca). The zone melted section, s11O\·;nin Cb),
is polycrystalline near the starting end (right side of figure)
but is single crystalline for the last 3~} of its length.
(After Precht and HOllox(l).)



Fig. 2.2. Float-zone apparatus used to grow single crystals of
VCo.84 employed in this investigation. Pressurized growing
chamber is shown at A. (Photo courtesy of W. Precht, RIAS.)
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the three-turn r.f. heater coil. The upper chuck can be translated
independently of the lower one to compensate for density changes and
to help maintain the stability of the zone, whereas the lOwer chuck
can be rotated to compensate for any slight deviations from axial
symmetry exhibited by the work coil. A 50 kVA r.f. generator opera-
ting near half power was sufficient to melt a stable zone approximately
1 cm high in the sintered rod. Best results were obtained when this
zone was moved at a rate of 0.3 to 0.6 c~hr from the bottom to the
top of the rod, the freshly grown crystal passing directly into a gra-
phite susceptor afterheater to reduce the~l shock cracking.

Single crystals of a desired carbon-to-metal ratio may be
grown in this manner by properly adjusting the composition of the
sintered rod, but as noted by Precht and HOllox,(l) due considera-
tion must be 'given to the phase diagram,(2) fig. 2.4, in order to
ensure a uniform composition along the entire length of crystal.
For example, it was observed by these authors that when a rod having
a nominal composition VCO•75 is zone melted, the first zone to freeze
has a composition close to VCO•82' consistent with the separation
between the liquidus and solidus lines in this region of the phase
diagram. This situa~ion leads to composition gradients along the
length of the rod which persist until the composition of the liquid
zone approaches a carbon-to-metal atom ratio x = 0.62 by zone re-
fining action. It was demonstrated, hOwever, that zone levelling

I
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conditions may be achieved at the start of crystal growth by incor-

porating an additional section into the lower end of the rod that

has a composition close to VCO.62 and a volume equal to that of the

molten zone.
For the present study, single crystals having a carbon-to-

meta 1 ratio close to the integral composition V6C5 'Were desired and

starting rods 'Were made by adding 10'/0by weight of vanadium metal to

the VCO•92 powder. Because this composition lies close to the melting

point maximum 'Where the liquidus and solidus lines join, it 'Was not

necessary to take precuations against any zene refining action. Thus,

in this case, zone levelling starts 'When the initial molten zone is

formed and continu€'!athroughout the remaindar of the traverse.

A V6~ crystal sim1lar to these employed in this investiga-

tion is shown in fig. 2.1(b). Typically, the zone melted section

is polycrystalline and fine grained at the starting end, but, because

preferential growth of one grain occurs during the freezing process,

the last 3/4 of the rod is generally single crystal. Since the rods

are not ~ormally seeded, the growth directions do not usually lie

parallel to low index crystallographic axes. However, this presents

no problem since specific sample orientations may be readily obtained

using ordinary X-ray diffraction techniques.
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Chemical analysis, emission spectroscopy, and lattice para-
meter measurements based on storm's(3) data have been used to
characterize the crystals, Table 2.1. The carbon-to-metal ratios
determined from chemical analysis (by a commercial analytical labora-
tory) are consistent with the more accurate results obtained by NMR
measurements· that will be described in Chapter 4, but disagree
slightly with the values obtained by lattice parameter measurements.
This suggests that the latter method of specifying the composition
may be subject to a systematic error of approximately 0.01 in the
values of x as first noted by Lowndes et al.(4)

TABLE 2.1

COMPOSITION OF V6C5 SINGLE CRYSTALS

USED IN THIS INVEffi1IGATION

carbon-to-metal atom ratio:
by chemical analysis ------ x = 0.84
by lattice parameter ------ x = 0.851
by NMR -------------------- x = 0.838

Impurity content:
Element

by spectrographic analysis
Cr
Fe
Mo
Ti
Zr

by chemical analysis
o
N
B

Weight percent

< 0.1
< 0.1
< 0.1

0.1-1.0
0.1-1.0

0.013
0.022-0.031
0.003-0.01
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Thin foils for the transmission electron microscope studies

were obtained by jet etching small disks of V6C5 with a 20% sulphuric

acid - 80~ methanol solution, followed by electrolytic polishing in

the same solution. To prepare samples for thinning, the single crystal

boules were oriented by standard Laue X-ray d~ffraction methods and

sectioned with a diamond saw into O.25mm thick slices having either

(lOa}, (110}, or (111) faces. Disks, 3mm in diameter, were cut from

the slices using an ultrasonic impact cutter and then mechanically

polished with 3~ diamond paste in order to remove all coarse scratches}

saw marks, etc.

The thinning apparatus, fig. 2.5 and 2.6, includes provisions
for both jet etching and electrolytic polishing in one unit. In the

jet operation a stream of electrolyte is directed against both sides

of the sample by two jet nozzles made of l~~ inside diameter stain-

less steel tubing. The nozzles are made cathodic with respect to

the sample by approximately 6-8 volts, the potential being adjustei

to maintain a total current of 350 rna for optimum polishing C'ondi-

tions. Once well defined craters are formed on both sides of the

disk, the sample is transferred to the electrolytic polishing bath

where it is thinned to breakthrough using a current of 150 rna. The

hole produced during polishing is kept small by switching off the

/



Fig. 2·5· Jet thinning apparatus used for preparing electron
microscope foils.



Fig. 2.6. Perspective view of the thinning apparatus in vhf.eh mi.cro.,
scope foils are prepared by a two-step process. In the first step;
the sample is thinned by the jet technique to produce a convex profile
near the center of the disk. The sample is then polished electroly-
tically until perforation occurs) at which time the current is shut
off. The optical system provides a means of d~termining the instant
of breakthrough.

I
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current supply at the instant light is observed through the light
pipe arrangement shown in fig. 2.6.

Samples prepared in this manner fit directly into the elec-
tron microscope holder without the need for further support. Further-
more, because they exhibit large transparent areas and are inherently
rigid, the foils are suitable for both the general contrast and dif-
fraction experiments discussed in part I, as well as the radiation
damage experiments discussed in Part II, which place stringent require-
ments upon sample stability.

/
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CHAPTER THREE

EVIDENCE FOR ORDERING-:-------------

3.1 Obs~rvations with reflected Eolar1zed ligh~
When a cleaved, or highly polished face of single crystal

VCO.84 is examined in reflected polarized white light, a domain type
of substructure similar to that shown in fig.'3 ..l, is observed. Be-
cause matching freshly cleaved faces exhibit identical patterns which
remain unchanged indefinitely at room temperature, the coloration
can be attributed to optical anisotropy of the crystal rather than
to a surface film. Thus the substructure is visible because each
donaIn exhibits a color, due to birefringence, which contrasts with
that of n•.dghboring domains.

The presence of birefringence is surprising since vanadiTh~
carbide previously had been considered to be a cubic, isotropic
material. Also surprising is the presence of domains, which have not
been observed in any of the more widely stu.died, cubic transition
metal carbides. It will be shown in the subsequent sections, how-
ever, that these unexpected findings may be understood in terms of
the non-cubic superlattice which forms in VCO.84 as a consequence
of long range vacancy ordering.

/



Fig. 3·1. Optical micrograph of domain structure in VCo.84 taken

'With polarized light between crossed Nicols on (lOO} cLeavage

plane- Average size of domains varies from sample to sample and

is dependent upon prior thermal history of material.
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Figure 3·2 is a transmission electron micrograph of the do-
main substructure as observed in a (100) fOil.* Accompanying the
micrograph are two selected area diffraction patterns, one from each
of the two domains marked A and B in the figure. Each pattern re-
veals supplementary, or superlattice spots in addition to the primary
VC spots. The primary spot pattern w!lichmaps out the (100) reci-
procal lattice plane, maintains an equivalent orientation in the two
regions. The supplementary spot pattern, hOwever, undergoes a rota-

otion of 90 between domains A and B. Thus, each domain is associated
with a specific orientation of the superlattice and, apparently, the
domain structure results because the superlattice can assume several
possible orientations within the nominally cubic vanadium carbide
lattice.

To demonstrate that each domain is associated with a speci-
fic orientation of the superlattice, the micrograph in fig. 3.2 was
taken in dark field, using a superlattice spot associated with domain
A. Under these conditions, the domain at B remained dark. When a
superlattice spot associated with domain B was employed, the contrast
reversed, and domain·A became dark.

*Foil orientations are given with respect to the nominally cubic VC
lattice.

/



Fig. 3.2. Dark field transmission electron micrograph of domain struc~
ture in VCO.84 taken with superlattice spot, S. Selected area diffrac-
tion patterns obtained from each of the two domains, A and B, demon-
strate that primary VC pattern maintains equivalent orientation in two
regions, but superlattice pattern undergoes 900 rotation. plane of
foil is '(lOa).

/
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Although the boundary walls between domains do not lie
along well defined crystallographic planes, they do exhibit a ten-
dency to lie parallel to (lOO} and (110} planes, as shawn in fig. 3.3.
From the nature of the contrast (asymmetrical in bright field), it
is concluded that the boundaries at A and Bare 5 interfaces(l) that
are similar to those observed in Nb by Van Landuyt et al. (2) The un-
usual contrast effects which have been observed within the do~ains
(e.g., the mottled contrast of domain A in fig. 3.2 and the periodic
fringes in fig. 3.3) are not completely understood but it 1s possible
they may be a conse~uence of the unusual crystallographic structure
of this material, as will be discussed in Chapter Four.

3.3 The sUTIerlattice unit cell
For ~he purpose of determining the symmetry and dimensions

of the superlattice unit cell, selected area diffraction patterns
were obtained from several foil orientations. A schematic diagram
of all the observed diffraction patterns obtained from individual
domains in (lOO), (110) and (111) foils is presented in fig. 3·4.
In some foils, the patterns differ only with regard to the orienta-
tion of the superlattice spots relative to the primary spots. In
other foils, superlattice patterns exhibiting different symmetry are
observed. In all foils, however, the primary spot pattern remains
essentially undeviated througho~t the specimen, and to a first approxi-

,
mation it exhibits the s~~~etry and dimensions of a cubic structure

ohaving the parameter a = 4.16 A.o



O.25fL
I I

Fig. 3.3. Bright field transmission electron micrograph of 8. domain
in (100) foil. Domain walls do not lie along well defined crystallo-
graphic planes, but those at A and B are roughly parallel to a CllO}
plane, whereas the wall at C is roughly parallel to a (lOO} plane.
Fringe contrast of boundaries at A and B is asymmetrical indicating
they are 5 interfaces.

I
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Fig. 3·4. Selected area diffraction patterns obtained from domains
observed in three indicated foil orientations. In a given foil,
primary spot pattern is continuous across all domain wa Ll.s.
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The symmetry of the superlattice unit cell may be deduced

directly from fig. 3.4. The superlattice spots in pattern (lll)d

exhibit 6-fold symmetry, which indicates the presence of either a

3- or 6-fold axis in the unit ceLl,, (A 3-fold axis in real space

will give rise to a 6-fold symmetrical electron diffraction pattern
because of the presence of positive and negative reflections (3).) The

unit cell must, therefore, belong to either the hexagonal* or cubic

crystal class because only these possess symmetry of this type.

The orientation of the superlatti~e pattern with respect to the

primary pattern dictates that the super lattice should give rise to

a cubic pattern in (100) foils if its unit cell were cub Ic , Since

such a pattern is not observed in this foil orientation, it is con-

cluded that the unit cell must be hexagonal.

The dimensions of the unit cell can be obtained from the

d-spacings which are associated with the various superlattice reflec-

tions observed in fig. 3.4. A summary of several important d-spacings

obtained from the electron diffraction patterns is presented in

Table 3.1. Included in the table are d-spacings obtained from twa

~eak superlattice lines that have been observed in X-ray diffraction

pOwder patterns from crushed single crystal samples. The X-ray dif-

fraction data serve as a check on the electron diffraction d-values

*For the purposes of this discussion the trigonal class will be con-
sidered as a sub-group of the hexagonal class.
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and also demonstrate that the important low index reflections, cor-
o 0responding to d = 4.80 A and 4.40 A, are real reflections in the

TABLE 3.1

Measured Superlattice d-values calculated
d-values from Hex. Unit cell;

0 0Electron X-Ray a = 5.09 A, c = 14.40 A
Diff Diff d HKL

0 0 04.80 A 4.80 A 4.80 A 003
4.40 4.42 4.42 100
3·77 3·79 102
2·78 2·79 104
2.40 2.40 006
2.21 2.20 200

electron diffraction patterns and do not arise, for example, be-
cause of multiple electron scattering. By using a Bunn chart for
hexagonal structures, the parameters of the unit cell were found
to be a = 5.09 2 and c = 14.40 j.

The orientation of the superlattice unit cell with res-
pect to the primary unit cell is as follows:

(OOl}SL II (lll}PL.

{2Io}SL II {211}PL·
I
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The length of the c-axis corresponds to six complete (ill}.layers
of atoms in the cubic lattice, and the length of the a-axis corres-
ponds to the carbon-carbon (or metal-metal) atom spacing in the
(112) direction of the primary cell.

FUrther analysis of the patterns shown in fig. 3.4 indi-
cates that four orientations are possible for the superlattice,
corresponding to the alignment of the c-axis parallel to anyone
of the four equivalent (111) directions in the primary cell.
Only two distinguishable diffraction patterns are observed in a
(100) foil because the reciprocal lattice projections of two
orientations are exactly equivalent to the other twO. In (110) foils,
three distinguishable reciprocal lattice projections are possible,
whereas in (111) foils all four superlattice orientations are dis-
tinguishable and may be detected separately.
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CHAPI'ER FOUR

NATURE OF THE ORDERJlJ'G

_51 *4.1 Nuclear Magnetic Resonance of v- in VCo.84
Although the dimensions and symmetry of the superlattice

unit cell can be derived from electron diffraction patterns as shown
in Chapter 3, these data do not provide a description of the vacancy
distribution within the cell. This information, however, can be ob-
tained by NMR techniques.

The response of an atom to an oscillating magnetic field
depends not only on the intrinsic properties of the atom but also
on the local environment in which the atom is situated. For example,
a displaced or missing atom destroys the local cubic symmetry in an
otherwise perfect cubic ~rystal, and this disrupted symmetry can be
expected to result in electric field gradients at the nuclei of atoms
surrounding the defect. Such a situation occurs frequently in VC, of
course, because the number of carbon atoms present is substantially
less than the number of available sites in the carbon sUblattice of
this nominally rocksa Lt crystal. Furthermore, the principal vanadium
isotope, v5l (- looi abundance), has a nuclear electric quadrupole
moment (-0.052 X 10-24 cm2),(1) so that the presence of an electric

*The NMR experiments described in this section were performed by
D. Kahn and R. G. LYe of RIAS with the author as collaborator.
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field gradient at the vanadium nucleus modifies the NMR behavior. In
particular, the electric field gradient will split the single reson-
ance line that is observed when the v51 atom is in a cubic environment
into a central component and three pairs of satellite lines (I = 7/2)
which are more or less symmetrically disposed about the central line.
The central line also will be displaced by an amount which varies in-
versely with the strength of the applied dc magnetic field, Ho. Con-
sequently, the rn~ of VC specimens exhibit complex spectra which can
be analyzed to yield information about the distribution of carbon
vacancies within the crystal.

The VC specimens employed in this study were obtained by
crushing the VCO.84 single crystals so that the individual parti-
cles were smaller than the skin depth of the r.f. field used. The
y5l NMR spectra obtained from the powdered specimens (powder pat-
terns) could be resolved into central components, shown in fig. 4.l(a),
and a satellite structure, shown in fig. 4.l(b).

Although some aspects of the identification require con-
firmation, the principle features can be accounted for on the
following basis:

/
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Fig. 4.1. Nuclear magnetic resonance curves of V51 nuclei in VCa Rh
obtained at 77°K. The central resonance, shown in (a}, was separated
"into its twa components, Va and Vl, by fitting a Gaussian line and a
second order quadrupolar broadened line to the Observed curve. The re-
lative population of Va and Vl sites was obtained by integrating the
respective derivative curves twice. Most of the satellite structure
shawn in Cb) is attributed to resonances from nuclei at three different
Vl sites, as explained in the text. The pcaks labelled VOn are compcn-
ents of the partially resolved Vo satellite structure. The Cu and Al
lines arise from materials in the probe.
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*A single line, VO' relatively weak and narrow is

observed, with a width of approximately 10 gauss, almost indepen-

dent of the strength of the dc magnetic field. This res9nance is

attributed to V5l atoms in a nearly perfect cubic environment, i.e.

the vanadium atoms contributing to this spectrum must have no vacan-

cies in the nearest shell of carbon atom neighbors. The line is

displaced to the high field side of the resonance of an isolated

.v5l atom by an amount equi~alent to a negative Knight shift of

0.32%. Close examination of the spectrum indicates, however, that

this resonance is split and broadened by quadrupolar interactions,

but only weakly. nTwo feeble lines, Vo ' have been tentatively

assigned to the satellite structure, and their splitting is consis-
~

tent with the small quadrupolar broadening « 4 gauss at Ho = 3000

gauss) beyond the calcu~ated dipolar breadth (~ 7 gauss) of the cen-

tral line.

*The several components of the vanadium NMR spectrum are identified
by a sequential set of suffixes. The first, a subscript, refers to
-the relevant Knight shift; the second, a superscript, refers to the
quadrupolar splitting. For brevity, the same symbols are employed
to designate the various inequivalent sites in the vanadium sublattice
from which the corresponding spectral components originate. In the
latter use of this notation, the subscript is intended to represent
the nUmber of vacancies in the nearest neighbor shell of carbon atoms
surrounding the vanadium atom sites, and the superscript the number in
the next-nearest-neighbor shell, as discussed subsequently in the text.
No confusion should result from the use of the symbol V5 to identify
the vanadium isotope.
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(2) A strong broad resonance, Vl, is observed which com-
1 2prises two spectra, Vl and V1 ' i.e. the central quadrupolar

broadened line has twa components (not resolved in the figure), and
associated with them are twa sets of satellite lines. These twa re-
sonances include by far the larger fraction of the v5l nuclei detec-
ted in the spectrum. The Larmor frequencies of both components are
displaced from the resonance of an isolated atom by the same amount,
corresponding to a negative Knight shift of 0.13i.

The central line has an extrapolated dipolar width near
7 gauss, and additional quadrupolar broadening (proportional to l/H )o
that is consistent with the average of the separations of the two
sets of satellite lines (v ~ 280 kHz). This broadening and splitting

q

of the resonance indicates the presence of strong electric field
gradients at the v5l nuclei involved. The principal component of
this gradient is attributed to the presence of a single vacancy in
the nearest neighbor shell of carbon atoms surrounding these nuclei,
in agreement with the assignment made by Froidevaux and Rossier(2)
for a similar.resonance observed in their NMR studies of VC·

(3) A third series of lines is present, but only the inner-
most pair of satellite lines, vl

O, has been resolved. The central
component of this spectrum is too faint to be resolved under the much
more intense central lines discussed in (2), but the satellite lines
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indicate a displacement of the resonance to the high field side.
The magnitude of the Knight shift cannot be measured accurately
for this series, but it is negative and approximately equal to the
shifts of the lines discussed in (2). The satellite splitting of
this series is larger than for the spectra discussed in (2), and
thus corresponds to an even larger electric field gradient at the
y5l nuclei inyolved. For reasons to be discussed later, this spec-
trum is attributed to y5l nuclei with one carbon vacancy in their
nearest neighbor shell, but with ~9 vacancies in the next nearest
neighbor shell of carbon atoms.

According to the present analysis of the M{R spectra,
almost all of the vanadium atoms are on Vl sites (with one carbon
vacancy in the nearest neighbor shell), as might be expected from
the fact that the composition of the VCO•84 material studied is
close to the integral composition V6C5. Only a small fraction of
the vanadium atoms are on Vo sites (with no carbon vacancies in the
nearest neighbor shell). The integrated intensities, IO and Il, of
the central components of the spectra associated with these sites
are in the ratio rolrl = 0.035. Because each carbon vacancy in the
lattice has six vanadium atoms surrounding it, the addition of a
carbon atom into a vacant site would convert all six of the neighbor-
ing vanadium sites to Vo sites. Thus, because most of the y5l atoms

/
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appear to occupy Vl sites, the ratio ~Il = 3.5% implies that the

carbon/metal atom ratio in the vanadium carbide unde~ study exceeds

that of V6C5 by approximately 0.035/6 ~ 0.5%. That is, the NMR

spectra indicate that the composition of this vanadium carbide is

VCO•838' in good agreement with the results of chemical analysis

(VCO.84)' Table 2.1.

The conclusion that all but a very small fraction of the

y5l nuclei in vanadium carbide are surrounded by precisely five

carbon atoms in the nearest neighbor shell, coupled with the elec-

tron diffraction data, has allowed a crystal structure to be deduced

for V6C5. The result, which will be described in the next section,

provides a reasonable interpretation for the two components of the

Vl spectrum. In the proposed model of V6C5, all the vanadium atoms

have one vacancy in the nearest neighbor shell of carbon atoms, but

two-thirds of them have also a single vacancy in the next nearest

neighbor shell, whereas one-third have two vacancies in this shell.

The geometries of these two inequivalent sites are illustrated in
1 2·fig. 4.2. Because the intensities of the Vl and Vl spectra are

1also in the ratio 2:1, the Vl spectrum can be associated with vana-
2dium sites of the first kind, and the Vl spectrum with sites of the

second kind. Although this assignment is tentative, it is consis-

tent with other characteristics of the lWffi spectrum. In particular,

if an extra carbon atom were incorporated into the V6C5 crystal, it
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<001>-<
< 111>

(110) PLANE

Fig. 4.2. The two types of vanadium atom sites predicted by the pro-
posed structure of V6C5' Circles are vanadium atoms, shaded squal'e3
represent nearest neighbor carbon vacancies, and open squares are
next nearest neighbor carbon vacancies.
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would convert the six nearest neighbor Vl sites to Vo sites, but the
1 2Vo sites formed in this way would be of two kinds, Vo and Vo ' cor-

responding to the two possible configurations of vacancies in the
next nearest neighbor shells of carbon atoms surrounding the original
Vl sites. Thus, the small quadrupolar broadening of the Va NMR line
can be attributed to electric field gradients caused by second near-
est neighbor carbon vacancies.

This extra carbon atom also converts vanadium atom sites
120 1in its next nearest neighbor shell from Vl and Vl to Vl and Vl

sites, respectively. Thus, the presence of an excess of carbon should
alead to the ·occurrence of a third NMR Vl spectrum due to Vl sites,

which are not present in the perfect VSC5 crystal. The incomplete
agroup of satellites labeled Vl in fig. 4.1 is assigned tentatively

to this' site.

4.2. Proposed Crystal structure of VCO•84 (V6C5)

Data obtained from electron diffraction, r~, and chemical
analysis have been employed to deduce the superlattice structure of
.VCO.84 crystals under the assumption that the vanadium atoms form a
fcc array and that the carbon atoms occupy specific octahedral inter-
stices within the metal atom lattice. Thus, the proposed crystal
structure differs from the commonly assumed rocksalt lattice of VC



only in that carbon vacancies are distributed in an ordered manner
through the carbon lattice.

A model of the proposed structure is shown in fig. 4.3(a).
It will be noted that carbon atoms have been removed from certain
(lll} carbon planes so that each vacant site is separated by a (112)

0-distance, i.e. 5.09 A, from its six nearest neighbor vacancies in
the plane. In this manner, all the vanadium atom sites on the adja-
cent (lll} planes are converted from Va to Vl sites. By repeating
this construction in every other carbon layer, all the vanadium atom
sites are converted to Vl configurations, and the resulting carbo~
metal ratio corresponds to the integral composition V6C5,

The symmetry of the resulting carbon lattice is no longer
fcc but must be described in terms of an hexagonal unit cell, fig.
4.3(b), whose dimensions, and orientation relative to the vanadium
lattice, are completely consistent with the electron diffraction
results. For simplicity, only the vacancy positions have been shown
in fig. 4.3(b). However, the complete carbon lattice may be con-
structed upon this framework by placing an appropriate grouping of
five carbon atoms around each vacancy site. The unit cell contains
three screw triads and possesses the symmetry of the hexagonal
(trigonal) class P3l or its enantiomorph, P32' In this figure the

/
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Vanadium
Atoms o

0= 5.09 A
c =14.40 A

o Carbon atoms
• ITn § Carbon vacancies In

respective layers
Fig. 4·3· The structure of V6C5' showing: (a) location of ordered
carbon atom vacancies (c-axis expanded for clarity), (b) hexa.gonal
superlattice formed by vacancy ordering, and (c) projection of super-
lattice on a {ill} plane of vanadium atoms. Symmetry of superlattice
corresponds to trigonal class P31,or its enantiomorph P32• The material
studied, VCO.84' exhibits this structure, but corrtad.n s a al.Lght exce ss
of carbon atoms over the integral composition.
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right handed modification, P31, is shown, however the left handed
form, P32, is an equally probable configuration.

The structure of V~5 may be viewed, therefore, in terms
of two interpenetrating lattices; a vanadium atom lattice which,
neglecting some distortions that may arise because of the carbon
vacancies, is essentially fcc, and an hexagonal superlattice contain-
ing all the carbon atoms present. On this basis, it is apparent that
the domain structure results because the c-axis of the superlattice
can be oriented parallel to any one of the four (lll) directions
in the vanadium lattice.

For many purposes, it is convenient to describe the struc-
ture in terms of a primary lattice and a su:perlattice. HOwever,
this description tends to under-emphasize the anisotropic nature of
the material, which leads, for example, to the strong birefringence
observed in reflected polarized light. An alternative description
that places greater emphasis on the anisotropy of the structure is
obtained by considering V6C5 as an hexagonal (trigonal), ordered
compound possessing the symmetry P3l or P32• On this basis, a
molecule containing six vanadium atoms and five carbon atoms forms
the ''buildingblock"· of the structure. The right handed modifica-
tion, P31, is illustrated in fig. 4.4. All the atoms (as well as

/
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• Carbon atoms

D Carbon
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Fig. 4.4. The structure of V6C5' vie-wed in terms of spiralling chains

of V6C5
molecules. At the center of each molecule is a vacant carbon

site -whichcorresponds to a vacancy on one of the screw triad axes

shown in fig. 4.3(b). A complete unit cell consists of nine such

molecules, and, thus, contains 54 vanadium atoms and 1~5carbon atoms.



*carbon vacancies) occupy the point position 3(a), with the parameters

listed in Table 4.1. A complete unit cell consists of 9 molecules

which are disposed in such a manner that the center of each molecule

coincides with a carbon vacancy site. Thus, each of the vacancy

sites shown in fig. 4.3(b) denotes the position of one V~5 molecule,

and the complete structure consists of "chains of molecules" that

spiral about a direction parallel to the c-axis of the unit cell,

fig. 4.4. From this point of view, of course, the domain structure

arises because the directions of the spiral axes may be different

in various regions of the crystal.
By considering V6C5 as an hexagonal compound, the bire-

fringence may be rationalized, but the precise orgins of the effect

are not understood. Although the obvious anisotropy is associated

with the carbon lattice, the nominally cubic vanadium lattice may be

distorted by the ordering of the carbon vacancies. Thus, de Novion

et al.(3) have noted that a slight displacement (~ 2~) of the vanadium

atoms from their cubic sites is necessary to account for the inten-

sities of the superlattice lines observed by X-ray diffraction in

V8C1' The corresponding displacements have not been determined for

*Values of the parameters are approximate because possible distor-
tions of the parent rocksalt structure have not been included.

I
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TABLE4.1

PARAMET~SOFTHEATOMS m V6C5

ATOM x y z

Vel) 4/9 -1/9 1/4

V(2) -2/9 -4/9 1/4

V(3) 1/9 2/9 1/4

v(4) -2/9 -1/9 1/12

V(5) 4/9 2/9 1/12

v(6) 1/9 -4/9 1/12

C(l) 1/9 -4/9 1/3

C(2) -2/9 -1/9 1/3

C(3) 4/9 2/9 1/3

c(4) -2/9 2/9 1/6

C(5) 4/9 5/9 1/6

0 1/9 -1/9 1/6

/



V6C5' but the magnitudes may be similar in the two compounds. Bire-
fringence could arise, therefore, from the anisotropy of the carbon
lattice, from the associated distortion of the vanadium lattice, or
from a combination of both effects. A detailed interpretation must
await identification of the electronic excitations that are respon-
sible for the optical pro~erties in the visible region of the spec-
trum.

4.3. Discussion of orderigg effects
This investigation has shown that single crystal vanadium

carbide grown from the melt with a carbon-to-metal ratio close to
the integral composition V6C5 is an ordered hexagonal (trigonal)
compound belonging to the space group P31 or P32• This structure
is very different from that reported by de Novion et al. (3) for
powdered material prepared by reacting the metal hydride with gra-
phite. To determine whether the difference is a conse~uence of
the two different methods of preparation, single crystal specimens
with a composition close to V8C7 have been grown from the melt and
examined by transmission electron microscopy. A detailed interpreta-
tion is beyond the scope of this work, but the results indicate that
these specimens also exhibit ordering in the carbon sublattice and
their electron diffraction patterns are consistent with the cubic
superlattice unit cell proposed by de Novion et al. (3) Accordingly,

/
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it is concluded that at least two superlattice structures are stable
within the "cubic" phase field of the vanadium-carbon phase diagram
and are established because of differences in composition -- not
necessarily because of different methods of preparation.

Although there is no essential disagreement between the two
results it should be noted that de Novion et al.(3) did not antici-
pate a change in structure as the carbon concentration was decreased
below that of V8C7. They observed that the superlattice X-ray lines
diminished in intensity with decreasing carbon content and concluded
that the distribution of additional vacancies did not exhibit long
range order. The weak superlattice X-ray lines derived from the
VSC5 structure were apparently overlooked in their investigation.

The proposed structure of V6C5 is generally consistent with
the results of NMR and electron diffraction, but the fine striations
observed under certain reflecting conditions, fig. 3.3, remain to be
explained. These striations have not been investigated in detail,
however the similarity between their appearance and the contrast
effect observed by Pashley and presland(4) in ordered CuAu II sug-
gest that they arise from the presence of periodic planar faulting
within the crystal.

The perfect V6C5 structure may be modified to include planar
faults while simultaneously satisfying the NMR spectra from which the
Vl population as well as the relative population of Vl

l and V1
2 'sites
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have been determined. In the perfect structure, carbon vacancies
are arranged on alternating carbon layers (parallel to the basal
plane) in two-dimensional hexagonal nets that are, in turn, sequen-
tially positioned so as to define either a right handed or left
handed triad screw axis, fig. 4.3. This sequence is disrupted if
one or more of the carbon layers that contain vacancies (C layers)v
is displaced by any vector in the basal plane that connects near-
est neighbor carbon atoms. Such displacements do not change the
1 2Vl or ~l populations and for this'reason it is expected that

faults of this type would be low energy configurations with a high
probability for forming in the V6C5 structure.

Two basic types of lamellar defects c~n be generated by
the indicated displacements. If several successive C layers arev -.
all shifted according to the same displacement vectors, an anti-
phase region, bounded 'by antiphase boundaries (APB's), is formed in
the ,manner shown schematically in fig. 4.5(a). If only one out of every
three C layers associated with a unit cell is displaced in thisv
f~shion, the result is a change of handedness of the screw triad
as illustrated in fig. 4.5(b). In principle,it should be possible.
to distinguish between the two configurations using standard dif-
fraction contrast techniques(5,6) and the analytical method employed
by Mclaren and Phakey(1) in the study of enantiomorphic boundaries
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Fig. 4.5. Schematic representation of twa types of lamellar defects
which may occur in V6C"j' In (a) an antiphase section is formed vnen
several successive C layers (carbon layers that contain vacancies
and lie parallel to the basal plane) are displaced by vector R, where
R is any vector in the basal plane that connects nearest neighbor car=
bon atoms. Depicted in (b) is the change-of handedness, or anti-
rotation section t.hat;results when only one out of the three Cv layers
associated with a unit cell is displaced by a vector R. The basal
plane projection (c) illustrates that the crystal axis does not remain
coincident across an anti-rotation boundary, but is displaced by R/3'

I
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in quartz. The situation is complicated in the present case, how-

ever, by the narrow spacing between the faults which obscures de-

tails of the extinction fringe contrast.
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CRAPrER FIVE

LATTICE DISORDERING BY ELECTRON
BOMBARDMENT

5·1 Evidence for disordering in V6C5 during electron bombardment

When a sample of the ordered compound V6C5 is examined for
extended periods of time in a 100 kV electron microscope, both the
super lattice diffraction spots and the domain structure diminish in
intensity as illustrated in fig. 5.1. During the initial stages of
observation, fig. 5.l(a), the domain structure and superlattice spot
pattern remain visible, but after a 10-20 min. exposure to the 100
keV electron beam the domains and supplemental spots disappear en-
tirely, fig. 5.l(b), although the intensity of the primary pattern

*increases slightly. Similar effects are observed at other accel-
erating potentials, and in particular, even at the lowest potential
employed in this study, 33 kV.

This disordering phenomenon is attributed to the displace-
ment of carbon atoms by impinging electrons, and will be subjected to
a detailed analysis in subsequent sections. That the effect

*The increased intensity of the primary pattern is not clearly depicted
in fig. 5.l(b) because of the photographic reproduction difficulties,
but it is apparent on the microscope viewing screen. This increase re-
sults from redistribution of the diffracted electrons into the primary
spot pattern as the supple~ental pattern decreases in intensity.



a

BEFORE
IRRADIATION

b

AFTER
IRRADIATION

Fig. 5.1. Transmission electron micrographs and selected area. dif-
fraction patterns from a (110) foil (indices referred to cube axes)
of V6Cs' (a) before extensive irradiation with electron beam and Cb)
after l/2 hour exposure to 100 keV electrons. (The fiducial mark
indicated by arrows shows that the two micrographs were taken from
the same r-egLonv) The domain structure and superlattice spots have
disappeared in (b) due to radiation damage by the :tncident electron
beam. Quantitative measurements of the rate of disordering were
obtained by monitoring the intensity of diffraction spots derived
from superlattice planes of the form (2020)· A typir.al spot
of this type is circled in Ca) above.
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is due to radiation damage caused by electron bombardment was not
obvious immediately, hOwever, and several alternative explanations
were explored and dismissed on the basis of the following arguments:

1. The effect is not due to the formation of a surface
contamination film. It is observed that the intensity of the super-
lattice spots relative to that of the primary spots changes during
bombardment, whereas the formation of a contamination film would cause
a uniform decrease in the intensity of all the spots. Furthermore,
all the present experiments were performed with a highly efficient
cold finger positioned close to the sample area, and no evidence for
a contawination film was noted at any time.

2. The effect is not due to ion bombardment. pa shley and
Presland(l) have reported that defect clusters form in gold foils
while under observation.in the electron microscope. Because gold
atoms are too heavy to be displaced by 100 keV electrons, they pro-
posed that (oxygen) ion bombardment was responsible, and performed
a critical experiment that supported their proposal. Using magnetic
deflection, t~ey separated the electrons from the much heavier ions,
and observed that the defect clusters were formed at the point of im-
pact or the ions. The opposite result was obtained, however, when
this technique was employed in the present work on V6C5. The damaged
region in V6C5 was always associated with the electron beam, which is



consistent with the proposal that the effect is, principally, due
to electron bombardment.

3. The effect is not due to thermal disorderin~. Watanabe
et al.(2) have demonstrated that the temperature of a metallic foil

oincreased by less than 100 C when it was bombarded with a beam of 100
keV electrons focussed to a 5~ spot at a current density of 2 amp/cm2•
The present experiments on vanadium carbide, which also exhibits
metallic thermal conductivity, were performed at current densities
between 0.5 amp/cm2 and 1.4 amp/cm2• Thus, the sample temperature
should have been far below the order-disorder transformation tempera-
ture of l2500C reported for this material by Hollox and Venables.(3)

4. The effect is not due to injection of carbon vacancies.
Dobson et al.(4) have observed that, under appropriate conditions,
vacancies can be injected into specimens of aluminum alloys while
they are under observation in the microscope. Thus, it might be
argued that, if a specimen of V6C5 attained a sufficiently high tem-
perature during bombardment, carbon atoms could unite with residual
oxygen at the surface to form CO gas, possibly leaving behind a supply
of vacancies sufficient to destroy the vacancy ordering in the lattice-
It is observed, however, that when a previously disordered region of
the sample is beam-heated in the microscope (by shutting off the
second condenser lens, removing the condenser aperture and increasing
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the beam intensity), it can be caused to re-order at an extremely rapid
rate. This rapid (less than 1 sec.) disorder-to-order transformation
is inconsistent with the long range diffusion that would be required
to eliminate injected vacancies. For example, calculations utilizing
the self-diffusion coefficients reported by Torkar et a1.(5) for car-
bon in vanadium carbide indicate that 10 min. would be required for
carbon atoms to diffuse into the 2~ diameter disordered region from
the surrounding sample volume at l250oC, the order-disorder temperature.

It is concluded, therefore, that the phenomenon illustrated
in fig. 5.1 arises primarily because of the displacement of carbon
atoms by the incident electrons, and a model for the disordering
mechanism will be developed in Chapter Six following a brief review
of the theory of electron damage in metals in the next section.

5.2 Theoretical considerations for disordering by electron
bombardment

Historically the electron microscope has played a vital
·part in the study of radiation damage processes in solids, but its
use has been confined generally to a somewhat passive role in the
post irradiation examination of defects introduced by energetic
particles. In this investigation the electron microscope assumes
an active role, serving as a source of energetic particles and at
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the same time providing a means for analyzing the resulting damage.

This use of the electron microscope for studying radiation damage

represents a distinct departure from those methods that have been

commonly employed in this field, but the basic concepts which re-

late to the physics of the process are the same. Thus, before

discussing the disordering in V6C5 by electron microscope beam

bombardment specifically, it will be desirable to review some of

the general theoretical considerations for lattice disordering by

electron irradiation.

5.2.1 The displacement cross-section

An energetic electron incident upon a solid can displace

atoms by various processes which depend upon the nature of the

solid. In molecular and ionic crystals, atomic displacements can

arise indirectly when .energy is transferred from the incident

electron to the electronic system of the crystal. Three basic

mechanisms have been proposed whereby ionization effects lead to

the formation of displacement damage. In one, the Varley(6)

mechanism, it is proposed that a normally stable negative ion

may be multiply ionized by electronic excitations leaving it

positively charged and thus highly unstable in its normal lattice

site. To minimize its energy, it is forced to occupy a more

favorable (interstitial) position within the crystal. In the
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seitz(7) mechanism, it is suggested that excitons, which are formed
by the energetic electrons, migrate freely through the lattice
until they become trapped at dislocations where they recombine,
releasing their energy in a 'burst of lattice vibrations." The
third mechanism involves only the single ionization of a negative
ion to form a neutral atom and a free electron. Because the neutral
atom is no longer bound electrostatically, it is at liberty to
diffuse away from its lattice site into an interstitial Position.(8)
unfortunately, it is difficult to devise experiments that will dis-
tinguish between these mechanisms, but, in any event, the data that
are available suggest that ionization processes, rather than direct
knock-on collisions with the nucleus, are important in promoting
displacement damage by electrons In ionic crystals. (For a discussion
of this subject see, e.g., the review article by Amelinckx.(9)

The situation is quite different for valence crystals
and metallic solids, hOwever, and there appears to be no experimental
evidence to indicate that atom displacements can be generated by
i i ti 1 (10,11) mi d ton za on processes a one. In se con uc ors such as
germanium and silicon the recombination energy of electrons and
holes is small compared with the heat of formation. Moreover, it
has been shown by Seitz and Koehler(lO) that in metals the coupling
between excited s- or p-electrons and the lattice is so weak that
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sufficient energy cannot be transferred to produce displacements.
These authors have, however, suggested the possibility that excited
d-electrons (which are more tightly coupled) may come to equilibrium
with the lattice in such a manner to form thermal spikes and local
disorder. Since vanadium carbide contains a transition element, this
must be considered as a possible source of displacement damage but,
as will be discussed in Chapter Seven, the experimental evidence in
this case 1s not consistent with. such a mechanism. Therefore, it will
be assumed that the same displacement process that is applicable to
most metals, i.e. coulomb encounters between the incident electron
and the nucleus, accounts for the disordering in V6C5• The cross-
section for the energy interchange resulting from such encounters
may be derived on the following basis:

An energetic electron incident upon an atom interacts
with the atom's nucleus through the coulomb potential

vCr) ze2= --,r

where Z is the nuclear charge (Z = 6 for carbon). As a consequence
of the encounter, an amount of energy is transferred to the atom
which may be conveniently expressed in terms of the scattering
angle, G, in the center of gravity system (CGS) as follows: In the
CGS, fig. 5.2(b), the center of mass moves with velocity
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CGS
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/ \ w~=v~ -V

Iw~I = IV I
Fig. 5·2. Electron-atom collision in (a) the laboratory and (b) the
center-of-gravity coordi.nate systems. The subscripts e a.nd c refer
to electron and atom velocities, respectively, and the primes refer
velocities after collision. The relation between the velocities and
scattering angles in the two systems is shown in (c). Since
Iw~1= IVlit is apparent from (c) that W :::: ¥ ~ ~.
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V = m + M
e c

me v ,e

where m and M are the mass of the electron and atom, respectively,e c
and v is the (non-relativistic) velocity of the incident electrone

in the laboratory system (LS), fig. 5.2(a). An observer in the

CGS observes velocities

w = v - V,

as graphically portrayed in fig. 5.2(c) for the velocities, ;, andc
v', of the atom after collision. Because the conservation ofc
momentum and energy insures that only the di!:~ti~ of the veloci-

ties is changed by the collision in the CGS, it is apparent that

Iw'l == Ivlc

and that therefore

Iv~I = 2V sin ~

from inspection of fig. 5.2(c). Thus, the kinetic energy of the

atom after collision is given by

2 eE = E sin
c m 2'

where E is the maximum energy that can be transmitted to the atom
m

from an incident electron having energy E , i.e.,e
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E = [(4m M )/(m + M )2]E ~ (4m .M )E •m e c e c e e c e

The statistical"distribution of atoms scattered into an .
annular cone of width de, about e, by non-relativistic classical
electrons is given by the Rutherford(12) differential cross-
section

da = 71"( ze2
2
)2 cos fl csc3 §. de

R m v 2 2
e e

(.5.8)

where the reduced mass of the twa particles has been approximated
by the electron mass. Using equation (5.6)the cross-section may
be expressed in terms of the energy distribution of the scattered
atoms, and equation (5-8) becomes,

For relativistic electrons, equation (5.9) must be mod.ifiedby
2 .1/2

expressing the mass as m = m y, where y = (1 - ~ ) ande 0

~ = v/c. Upon substitution, the expression for the cross-section
becomes,

where E must also be expressed relativistically asm

/
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(4m~ 2E = M 0 (1 + E 12m c )E •m e 0 ec

Thus, for relativistic Rutherford scattering the proba~ility that
an atom receives an energy in the interval dE at E is propor-c c

-2tional to E •c

Although equation (5.10) includes relativistic effects,
it is still classical in the sense that it does not include the
spin of the electron and its interaction with the nuclear poten-
tial. Mott(13) has taken account of this purely quantum effect
to derive a formula for the scattering of Dirac electrons by a
point nucleus. His exact result is difficult to handle a.nalyti-
cally, hOwever, and for the present purposes it will suffice to
use an approximation derived by McKinley and Feshbach(14) which
is valid for elements below copper in the periodic table. In
this formulation, a correction factor, R, is applied to equation
(5.10) as follows,

where R is given by

R = [1 - ~~jEm + 1TCX~((Ec;Em)1/2 - EjEm)]

and ex = Z/131.
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The total scattering cross-section may be obtained by

integrating equation (5.12) but because the expression diverges

for low energies it is necessary to restrict the range ,of inte-

gration at the low energy limit. Physically, low angle scatter-

ing is cut off by the screening effect of the orbital electrons

surrounding the nucleus and by choosing an appropriate model for

the screened nuclear potential,a reasonable estimate for the

minimum energy transfer may be obtained. Seitz and Koehler(lO)

have shown that this minimum energy, although dependent upon the
-2nuclear mass and charge, is of the order 10 eV and is therefore

far below the energy, Ed ~ 10-30 eV, required to displace an atom

in a typical solid. It follows that equation (5.12) is valid to

a high degree of accuracy when only those collisions resulting

in atomic displacements are considered. Thus,equation (5.12) may

be integrated over the range from Ed to Em to provide an expres-

sion for the total displacement cross-section,

[(:~ - 1) - ~21nGa)

1] lnCjl] ,
where ad has the ~IDits of area and the meaning that its product
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with the magnitude of the incident electron flux (electrons/cm2sec)
gives the number of atomic displacements/second.

5.2.2 Secondary displacements
When the energy of an atom that has been displaced by an

incident electron is in excess of Ed' it may dislodge other atoms
from the lattice. The problem of determining the number of secon-
dary displacements produced per primary ha.sbeen treated by Snyder
and Neufeld(15,16) and Harrison and Seitz.(17) Seitz and Koehler(lO),
combined certain features of the two similar methods and concluded
that the total number of atoms, g, which are displa.cedwhen a
primary atom is produced with an energy E may be described by thec

following relations,

gl(X) = 1 °SXSl
S2(x) = 1 +lnx 1<X$3 (5.15)
g3(x)= 0·561 (l+x) x>3

where x is the energy of the atom in excess of that required to
displace it .from its lattice site and 1s expressed in units of
the displacement energy, i.e.,

(5.16)

It will be noted.that g(x) includes the primary atom and, there-
fore, has a minimum value of unity.
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The mean number of atoms displaced per primary is

obtained by weighting g(x) with the energy distribution function

appropriate to the primary atoms and averaging over the energy

range of the primaries. To a reasonable approximation the dis-

tribution g~ven by equation (5.10) may be employed, in which

case the weighting factor is lIE 2 a 1/(1 + x)2. The mean nlli~berc

of displaced atoms is then given by either,

v = 1

if 0 S xm S 1, or

it 1< xm S 3, or
(x +1)

V = [O.S81 + 0.561 In(xm+1);4] - : -
m

(5.19)

if xm > 3, where xm' the maximum value of x, is given by

It 1s apparent that the total cross-section, ad' must be multiplied

by the fact.or, V, to take account of the secondary displacements.
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The theory of atomic displacements in solids has now b~en developed

sufficiently to treat the disordering phenomenon observed in V6C5" In the

next two chapters, the results of this theory 'Will be employed illthe

development of a model for the disordering process and in the interpreta-

tion of experimental observations to obtain a value for the carbon atom

displacement energy, Ed"
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CHAP.rER SIX

. A MODEL FOR THE DISORDERING IN V6C5

6.1 The displacement process
The threshold energy required to displace an atom in a solid

from its equilibrium. lattice site by an energetic incident particle
is expected to have a value near 25 ev,(l) but
~ 10 eV to ~ 30 eV in differen~ materials.(2)

in fact it varies from
For example, Corbett

et a1.(3) determined the value 22 ! 3 eV for copper, and Denney(4)
found a threshold energy of 27 eV for displacing Fe atoms in a Cu-Fe
alloy. Thus, the threshold energy for displacing vanadium atoms in
vanadium carbide is expected to be approximately 25 eV also. Conse-
quently, if the bombarding particles are electrons, they must have
energies in excess of 420 keV in order to displace the vanadium atoms
by direct collisions. At this incident eqergy, hOwever, the relatively
low mass of the carbon atoms allows some of them to receive as much
as 110 eV from the electrons, and these carbon atoms in turn can
transmit.up to 65 eV to vanadium atoms in secondary collisions. Thus,
the radiation damage caused by high energy electrons is expected to
be a complex superposition of primary and secondary effects involvir.g
both kinds of atoms.

The·problem is much simpler when the incident electrons have
energies less than 220 keV, for then the vanadium atoms would not be
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displaced either by the incident electrons or by the most energetic
primary displaced carbon atoms. It follows that only the carbon atoms
will be displaced by electrons having energies in the range employed
in the present investigation (33 keV to 100 keV). Of course, the
vanadium atoms will absorb energy from the electron beam and thereby
increase the temperature of the specimen. In addition, they will
scatter the displaced carbon atoms, modifying their kinetic energies
and terminal displacements, but otherwise they will remain unaffected.

If the threshold energy for displacing carbon atoms in vana-
dium carbide were also 25 eV, bombardment by electrons would be
expected to cause little rearrangement of the atoms unless the inci-
dent energy were greater than 122 keV. HOwever, the observations
reported in Chapter Five indicate that the spots in the diffraction
pattern that are associated with ordering in the C-lattice become
degraded at a significant rate during electron bombardment at energies
as low as 33 keV, which implies that the threshold energy for dis-
placing carbon atoms must be less than 6.22 eVe To obtain a more
quantitative estimate for the displacement energy, the experimental

*results have been analyzed according to the following model :

*The·development of this model was accomplished with R. G. Lye of
RIAS. Those features of the model discussed in (3) and (4) below
are due principally to his efforts, and are reproduced·here with
his kind permission. /
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1. The elastic collisions between the incident electrons
and the carbon atoms satisfy the relativistic Rutherford scattering

. *relation given by equation (5.10) to a good approximation. Thus,
the probability that a carbon atom receives an energy in the interval
dE at E is proportional to E -2 for E < E , where E is given byc c c c m m
equation (5.11). The conditions employed in the electron microscope
ensure that the energy of the,bombarding electrons decreases by an
insignificant fraction during their passage through the specimen.
(For example, 51 keY electrons lose approximately 310 eV by electron-

o
electron collisions in traversing a foil of V6C5 1000 A in thickness.)
Consequently, the distribution in initial energies of the carbon atoms
also remains uniform throughout the foil.

2. The structure of the ordered compound V6C5 can be repre-
sented in a useful approximation as two interpenetrating fcc lattices,
one of which (the V-lattice) is completely occupied by the vanadium
atoms, whereas the other (the C-lattice) is only partially occupied by
by the carbon atoms. It will be assumed that the carbon atoms lie in
spherically symmetric potential wells of uniform depth, Ed' the same
for all sites in the C-lattice. Thus, no carbon atom can be displaced
unless it receives an energy greater than Ed from the incident electron.

*This simplifying assumption is made for the arguments presented in
this section. The experimental data, however, will be compared with
the more accurate McKinley and·Feshbach,relation given by equation

I
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3. Those carbon atoms that receive energies Ec > Ed are dis-
placed initially from their equilibrium positions into the forward
cone bounded by the half angle W = ~/2 - emf2, where sin2(emf2) =
Ea/Em' see fig. 5.2. As will become evident later, the cone is some-

owhat restricted, W varying from approximately 59 for 100 keV elec-
trons to 22° for 33 keV electrons. If only the portion (Ec - Ed) of
the energy received by the carbon atoms from the inGident electrons
is available as kinetic energy of motion of the displaced atoms,
their mean initial kinetic energy is (E) - Ed) where (E ) is givenc c

by

<::> = ~d [t (E:2) Ee dEC] [t (E:2) dEC]
d d

= (1 + Xm)Xm-lln(l + xm)
(6.1)

in which xm = (Em - Ed)/Ed• Because the energy of the bombarding
electrons is rather smB.ll, (Ec) - Ed)/Ed < 1throughout the range
of the present study. Moreover, the fraction of the displaced car-
bon atoms that receive kinetic energies greater than Ed also is small:

n(Ec> 2Ed)
n(Ec > Ed)



Thus, significant multiplication of the displaced carbon atoms by
secondary collisions is expected to occur only near the upper limit
of bombarding energies ~mployed in this study. According to the
analysis presented in section 5.2.2,the multiplication factor,
v, obtained by averaging over the initial energy distribution, has
the value unity when the maximum energy received by the displaced

. atoms lies between Ed and twice this threshold energy. It increases
slowly at hig~er energies, and attains a value near 1.15 at
x = 2.72, which corresponds to bombardment by 100 keV electronsm
if the energy lost in collisions with the vanadium atoms is neglected.

4. The displaced carbon atoms undergo hard-sphere colli-
sions with the neighboring atoms in their line of flight. (1) If

.the cone of initial displacements is sufficiently broad, the atoms
will be scattered isotropically, losing on the average 0.31 of
their energy in each collision with a vandium atom and 0.5 of their
energy in each collision with a carbon atom. The mean energy lost
in the first of such collisions, (5ECj)' may be obtained from

(5ECj) = [[Jcm EJcllCEjc)dEjJI[[Jcmll(Ejc)dEjc], (6.3)

where N(Ejc) is the energy distribution function of the secondary
atoms that have maximum energies,

I
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where
for collisions with
C atoms,

and
Cj = C = 4 M M (M + M )-2 = 0.618 for collisions withv c v c =v

V atoms,

in which M and M are the masses of the carbon and vanadium atoms,c v

respectively. The distribution function, N(Ejc)' is proportional
to,

(;c2) Cj(Ec1_ Ed) dEc'
= (Ejc/Cj) + Ed

where the term l/[CJ(Ec - Ed)] is the probability that a C or V
atom receives an energy in the interval dEJc at EjC when hit by
a primary carbon atom having an initial energy E (isotropicc

scattering), and the term 1/Ec
2 is proportional to the energy

distribution function of the primary carbon atoms. When the
resultant expression for N(Ejc) is substituted into equation (6.3),
there is obtained upon integration,

(eE J)/Ed) = (C
j
/2)[(1+x )x -ltn(l+xm) - (1+X )-1]. (6.4)

c m m / m
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If the first collisions are with vanadium atoms, the
mean energy loss is less than the excess over Ed of the initial
mean energy, i.e.,

(eE > (cj2)[(l+x )x -lln(l+x ) _ (l+x )~l]cv __~ ~m~=m:~ ~m~ =m~ __ < 1.
{Ec> - Ed = [(l+x )x -lln(l+x ) - 1]m m m

Thus, on the average, a primary displaced carbon atom can make at
least one collision with a vanadium atom in the nearest neighbor
shell before its energy falls below Ed. Most of the displaced
carbon atoms, therefore, can penetrate beyond the nearest neighbor
shell of vanadium atons, and the resultant scattering will broaden
the distribution of velocity vectors to encompass a greater frac-
tion of the sites in the nearest neighbor shell of the C-lattice
than was accessible in the initial cone. This scattering will also
change the distribution in energy of the displaced atoms as they
approach the nearest neighbor shell of the C-lattice, and the
reduction in the mean energy will, in turn, decrease the probability
of multiplication by subsequent collisions with carbon atoms.

~he energy loss ratio for collisions with carbon atoms,
(eE >/«E > - Ed)' remains greater than unity throughout most ofcc c .
the range of energies employed in these studies, becoming less than

'" '"unity only for x > 2.15 (E > 85 keV). The ratio decreases verym e

/
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sloW~ at higher energies, hOwever, and only attains a value near
0.96 for x = 2.72, which corresponds to an incident electron energym
of 100 keV if changes in'the energy distribution caused by prior
scattering from vanadium atoms are neglected. Accordingly, the dis-
placed atoms are scattered strongly by the nearest neighbor shell
of carbon atoms, and subsequent scattering by the second shell of
vanadium atoms ensures that few of the displaced atoms reach the
second shell of the C-lattice. It follows, therefore, that the car-
bon atoms have a high probability of being permanently displaced
on~ if a vacant site is accessible in the nearest neighbor shell
of the C-lattice.

;. The displaced carbon atoms are trapped at \~cant sites
within the C-lattice, not at the tetrahedral interstitial positions
within the metal lattice. The latter possibility was investigated
experimentally by comparing the intensities of the III and 222 sets
of primary lattice spots, which are sensitive to the fraction of
carbon atoms in the tetrahedral sites. In particular, computer cal-
culations by Kahn(;) show that the ratio of intensity of the 111
spot to that of the 222 spot would increase by the factor 1.20 if
10~ of the carbon atoms were transferred from octahedral to tetra-
hedral sites, whereas no change would be expected from a simple
redistribution within the octahedral sites. During the bombardment,

/
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the intensities of both 111 and 222 spots were found to increase,
as expected, but the ratio of their intensities remained constant
within approximately 15%. It can be concluded, theref~re, that at
most a small fraction « lei) of the displaced atoms are trapped
at tetrahedral sites under the experimental conditions employed
here. Thus, the principal effect of the damage process is to re-
arrange the carbon atoms so that they become more randomly distri-
buted over the octahedral sites as suggested schematically in
fig. 6.1.

6. In the C-lattice, there are N sites per unit volume,
of which the fraction r = 5/6 is occupied in the ordered compound
and the fraction (l-r) is vacant. Following a common convention,
the sites that are occupied in the perfectly ordered compound will
be designated the a sites, and the vacant sites will be designated
~ sites. If the ordered compound has its stoichiometric composition,
there will be rN carbon atoms per unit volume in the C-lattice. In
the perfectly ordered state, all of the rN carbon atoms will be on
the rN a sites, and all of the ~-r)N ~ sites will be vacant. Other-
wise, there will be a smaller number, n , of carbon atoms per unita

volume on the a sites, and the remainder, ~ = rN-na, will be dis-
tributed over the ~ sites.



Fig. 6.1. Comparison of (a) ordered V6C5 structure as viewed along
trigonal c-axf.s, and (b) structure after it has been disordered by
electron bombardment. Based on considerations described in the text.,
electrons having energies in the range employed in this stud.y displace
only the carbon atoms, causing them to become randomly distributed
over sites in the fcc carbon sublat.tice as suggested in (b). (Large
circles, small circles, and squares represent vanadium atoms, carbon
atoms, and carbon vacancies, respectively.)
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It is assumed that when a low-energy displaced atom approaches
a vacant site in the C-lattice it will be captured with equal likeli-
hood whether the site belongs to the a- or the ~- sublattice. Thus,
a displaced atom has probabilities of being captured by a- and ~-
sites that depend only on the concentrations of the twa kinds of
sites accessible to it from its initial position in the lattice.
Two kinds of a sites can be distinguished in V6C5 according to the
concentrations of ~ sites in the nearest neighbor shell of the c-
lattice: 3/5 of the a sites have 2 ~ sites among the 12 positions
in this shellj the remaining 2/5 have 3 ~ sites. Thus,the frac-
tion of ~ sites surrounding an a site has the average value
f~/a = 1/5. only one kind of ~ site can be distinguished on this
basis, and it has only a sites in its nearest neighbor 5hell, i.e.,

fa/~= 1.
It will be also assumed that these fractions represent the

concentrations of a or ~ sites available to a displaced atom from
the other kind of site regardless of the energy of the impinging
electron beam or ef its orientation relative to the crystallo-
graphic axes. At energies somewhat greater than those employed
here, it appears probable that the range of the primary displaced
carbon atoms will become sufficiently great that their probabilities
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of being captured by a and ~ sites will approach the average concen-
trations of the two kinds. of sites in the C-lattice, i.e.
f(3/a -+ 1/6 and fa/(3 -+ 5/6, under high energy electron bombardment.
The behavior of the carbon atoms is more difficult to describe when
they are displaced by low-energy bombarding electrons having energies
near the threshold. It seems likelY that under these circumstances
the orientation of the beam may influence not only the distribution
of a and ~ sites accessible to the displaced atom, but also the
effective value of the energy required for displacement as discussed
by Brown and Augustyniak(6) and Walker. (7) These comJ;:lexitieswill
not be considered here. Instead, it will be assumed for simplicity
that all of the sites in the nearest neighbor shell are equally
accessible throughout the range of energies investigated, and that
the displaced atoms reach the second shell of the C-lattice in such
small numbers that they have little effect on the fractions fa/(3and

f(3/a,.

6.2 The rate of disordering
According to the above description, the rate of change of

the number of carbon atoms on a sites is the difference between the
rate of displbcement from a to ~ sites that results from electron
bombardment and the rate of the reverse displacements that occur
when some of the ~ sites are occupied:'

/
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(6.6)

where J . is the incident electron flux (electrons/cm2sec.);
ad is the cross-section for displacement of a carbon

atom by the incident electrons, assumed to be the
same for both a and ~ sites;

fl is the fraction of displacement collisions with
atoms on a sites that result in transfer to ~

sites, fl = f~/a(l-~b);
f2 is the fraction of displacement collisions with

atoms on ~ sites that result in transfer to a

-and v

sites, f2 = fa/~(l-na/Na);
is the factor required to account for the multipli-
cation that may occur if the primary displaced atom
has an energy sufficient to effect a secondary dis-
placement and is given by either equation (5.17),
(5.18), or (5.19), depending upon the value of x •

m

Equation (6.6) can be integrated directly to yield

if it is assumed that the crystal is perfectly ordered at t = o.
The coefficient f in the exponential has the value 6/5 for V6C5 if
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the displaced atoms have access only to the nearest neighbor shell
of the C-lattice, the limitation that is expected to prevail in
the ~resent study. At somewhat higher bombarding energies, f is
expected to decrease gradually toward unity as the range of the
primary displaced atoms approaches the radius of the second shell
in the C-lattice.

This result may be used to interpret the experimental observa-
tions of electron bombardment disordering, because the probability
that an a site is occupied by a carbon atom, p = n /rN, may bea a

related in a simple manner to the measured intensity of a super-
lattice diffraction spot. According to the present model, the
Bragg-williams(8) long-range order parameter, S, defined by the
relation

S = (p-r)/(l-r), (6.8)

assumes the simple form

On the other ~and, the geo~etrical structure factor of a super-
lattice diffraction spot in V6C5

is related to S in the following
manner:

The general expression for the structure factor corresponding
to reflecting planes (h,k,l) is given by,(9)
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IF(h,k,l)12 = [Z frAr]2 + [Z frBr]2r r
(6.10)

where fr is the atomic scattering factor for the atom at the site £,

Ar = ~ cos 2~(hxj + kyj + lZj)'

.Br = Z sin 2~(hxj + kyj + !Zj)'
j

(6.11)
(6.12)

and xj, YJ' Zj are the coordinates of any one of the equivalent sites
for the atom which has the scattering factor f. The summations in

r

A and B extend over all the equivalent positions in the unit cell.r r

The summation in F(h,k,l) extends over all the different kinds of
atoms in the unit cell.

The ordered compound V6C5 is based on two interpenetrating
lattices one of which is assumed to be completely occupied by V-
atoms. The other lattice is divided into two sublattices, the a
sublattice being completely occupied by C-atoms and the ~ sublattice
being completely vacant in the ordered state. When the crystal is
partially ordered, the probabilities that the a and ~ sites are
occupied are given, respectively by,

n
P = ~ = r + S(l-r)a ~

and
= ~Pb (l-r)N

rN-n
=~) = r(l-B).N\l-r (6.14)
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In these circumstances the structure factor can be written in the
form:

IF(h,k,t) 12 = [f l:A + f Pa z A + f Pb l:Af3]2Vv v c ex ex c f3 .

+ [fv l:Bv + fcPa l:B~ + f Pb l:Bf3]2vex.... C f3

= [ AJ 2 + [8] 2 • (6.15)

Assuming that the metal atoms are not distorted from their
fcc lattice sites, they make no net contribution to the super-
lattice structure factor which means that,

A = 0v

B = O.v
(6.16)and

Thus, after substituting (6.13), (6.14), and (6.16) into (6.15)
the separate terms of (6.15) become

[A ]2 = f 2[r(1-S)(l:A + z A(3)
c ex ex f3

[8 ]2 12 f 2[r(1_S)(l: B + z B )
c ex ex f3 f3

+ S l:A ]2
ex ex

+ S l:~ ]2.
ex ex

(6.18)

These expressions can be simplified considerab~ by noting that the
factors (E A + E AA) and (E B + E B(3) are both identically equal

ex ex 13'" ex ex 13
to zero since each factor represents a cUu~tion over all the octa-
hedral sites in the unit cell. For superlattice planes (h,k,l) such
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summations must vanish and, therefore, equation (6.15) may be
'Written as,

(6.19)

or more simply, as
2

IF(h/k,l) I
S.L.

2
=I{S. (6.20)

Moreover, the calculations presented in Appendix II indicate
that, for the experimental conditions employed, the intensity, I,
of a superlattice diffraction spot is proportional to the square of
its structure factors to a good approximation. Combining this re-
sult 'With equations (6.9) and (6.20),the variation in intensity of
one of these superlattice diffraction spots is then described by
the relation

(6.21)

The cross-section, od' for displacing carbon atoms has been deter-
mined on this basis for several energies of the incident elec-
trons, and the results are presented in the following chapter.
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CHAPl'ER SEVEN

THE DISPLACEMENT ENERGY OF CARBON

7·1 Measurement of Ed

Equation (6.21) does not contain the displacement energy,
Ed; directly, however Ed can be obtained once the b~havior of od
~ Ee is known. Thus, od has ?een determined for four values of
E in the range 33 keV to 100 keV by measuring the decay rate ofe

superlattice spot intensities during irradiation by the electron
microscope beam.

Both the incident electron flux and the intensity of
the superlattice diffraction spots were measured with a Faraday
cup positioned in the lower part of the microscope column,
fig. 7.1. A grounded shield, which encloses the cup to prevent
interference by stray electrons, is coated on top with a phos-
phor to aid in aligning the beam or the diffraction spot with the
hole in.the cup. The electron current flow through the cup was
measured with a General Radio l230-A electrometer that is capable
of measuring currents as small as 10-13 amp.

Two relative~ independent methods were employed to mea-
sure the incident flux. In the first of these, the central por-
tion of the electron beam was aligned over the hole in the shield.



MOVABLE
~ ". ,c .:. ,-f ~r~~:TURE

PHOSPHORI ~
COATING

FARADAY CUP
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1------------ 8 RECORDER
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Fig. 7.1. Design of the Faraday cup used to measure electron micro-
scope beam flux and to monitor V6C5 superlattice spot intensities
during electron bombardment. The cup is positioned centrally in the
lower part of the microscope column where phosphor screens, used. as
aids in aligning beam with aperture or hole in cup, may be observed
through normal viewing ports. The metal shield protects the cup
from stray electrons, whereas the aperture plate serves to reduce
background intensity around superlattice spot.
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To prevent undesirable focussing effects due to charging of the
phosphor coating, the selected area diffraction blades were
positioned to block all radiation except that passing into the
Faraday cup. With the sample removed and the aperture plate
swung out of the way, measurements were made of the electron
flow through the cup. Using the appropriate magnification factor,
which was determined with a grating replica, the area of the
hole could be translated into a corresponding area at the sample
plane. From these measurements the electron current density at
the sample plane could be determined.

In the second method, the selected area diffraction
blades were used to select only the region of the beam that was
determined to be of ~~iform intensity. (The Faraday cup was
utilized as a probe to measure the intensity distribution across
the diameter of the beam.) After the area delineated by the
blades was measured by means of reference marks inscribed on
the phosphor coating, the microscope was switched into the dif-
fraction mode and current measurements were obtained for the
sharply focussed electron beam. The effective area in the sample
plane contributing to the measured beam intensity was calculated,
using the magnification factor established above, and the electron
flux was determined from the ratio of the current to the area.
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Although consistent values of the flux were obtained
from the two methods (within l-zi), both results would be in
error if a significant fraction of the electrons were lost from
the beam after leaving the sample plane. To determine the
"efficiency" of the microscope lens system a second Faraday cup
was placed immediately above the sample plane. The ~ beam
current entering the sample plane was then measured and found to
be identical to the ~ beam current measured in the lower column,
indicating that the "efficiency" is close to looi·

Measurements of the superlattice diffraction spot inten-
sity were made in a manner similar to the second method described
for meas~ing the beam flux. The selected area diffraction blades
were positioned to ensure that only the uniformly irradiated por-
tion of the sample within the central area of the beam would con-
tribute to the diffracted intensity. In addition, the movable
aperture shown in fig. 7.1 was positioned over the Faraday cup
to reduce the background intensity as much as possible. A strip
chart recorder, connected to the output of the electrometer was
used to record the superlattice diffraction spot intensity during
the bombardment.

All quantitative measurements of the rate of disordering
were obtained from superlattice spots of the type 2020 because
these spots are well isolated £rom the primary pattern in the (110)

i
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foils (indices referred to cube axes) used for the experiments.
The sample orientation in all cases was adjusted so that s = 0
for the primary 3030 reflection adjacent to the super1attice spot (see
fig. 5.1 and II.1). Under these conditions,as shown in Appendix II,
the super1attice spot intensity is proportional to the square of
its structure factor to a good approximation and equation (6.21)
may be employed to analyze the data. In addition, it was necessary
to eliminate spurious changes caused by distortion of the sample
during bombardment. To accomplish this, Kikuchi lines associa.ted
with the primary diffracting planes were constantly monitored on
the phosphor coating covering the aperture plate. Any change in
the position of the Kikuchi pattern could be corrected by adjust-
ing the goniometer tilt stage •..

;,

Radiation damage experiments were performed at four
different values of the accelerating potential. Three of these
values, nominally 50, 80, and 100 kV, are available on the JEM-7
microscope used for these experiments. The other potential,
33 kV, was obtained by removing two high voltage oscillator
tubes (at the suggestion of the manufacturer) and adjust Ing the
span of the intermediate lens current supply to permit focussing
the diffraction pattern. Precise values of vo1ta.ges, i.e. 33.0,
47.3, 79.9, and 100 kV, vez-e measured by means of high resolution
diffraction patterns obtained.from a gold foil.

I
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Figure 7.2 illustrates a typical result which, in this
case, was obtained for 79.9 keV electrons. The plotted intensity
is given in terms of the electron current diffracted from the
superlattice planes, but corrections have been made for the back-
ground intensity contributed by inelastically scattered electrons
by subtracting the residual current that remained after the
supplemental spots had disappeared. The absolute value of the
intensity at t = 0 is not particularly meaningful, because it
depends on the thickness of the foil and on its precise orienta-
tion relative to the electron beam. The linearity of this plot
is typical of results obtained throughout the study, moreover the
slopes of similar plots were found to be accurately proportional
to the electron flux, as predicted by equation (6.21).

By substituting the measured values for the slope, dlnI/dt =
-3 -1 6 018 / 23.15 X 10 sec , and flux, J = .15 X 1 electrons em sec, and

the calculated value of v = 1.07 into (6.21), a displacement cross-
section,ad = 203 barns, was obtained from the data shown in fig. 7.2
This value of ad is plotted in fig. 7.3 with the other experimental
values of the cross-section obtained from measurements at E = 33.0,e
47.3, 79.9, and 100 keV. The values of v appropriate to these various
values of incident electron energies were calculated from relation-
ships (5.17~5.20) and are shown in Table 7.1.
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Fig. 7·2. Decay in intensity of a superlattice spot as a function of
electron bombardment time. The intensity is given in terms of the
current of electrons diffracted from superlattice planes belonging
to the form (2020}. A displacement cross-section Od = 203 barns was
calculated from this data as described in text.
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Fig' 7.3· Theoretical curves of the displacement cross-section) C1d,
Y§' incident electron energy, Ee' for several values of the parameter
Ed' The data points are displacement cross-sections measured for V6C5
by means of radiation damage experiments in the electron microscope.
The parameter of the curve providing the closest fit to the experimen-
tal points indicates that the energy required to displace a carbon
atom in V6C5 is approximately 5.4 eV·
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TABLE 7.1

-Ee E x vm m

100 keY 20.0 eV 2·72 1.15
79·9 15·7 1·90 1.07
47.3' 9.0 .666 1.00
33·0 6.2 .15 1.00

The experimental points are to be compared with the theo-
*retical curves of ad vs E computed from equation (5.14) for- e

several values of the parameter Ed. The parameter of the curve
providing the best fit to the experimental points indicates that,
within the approximations discussed in Chapter Six, the energy
required to displace a carbon atom in V6C5 is close to 5.4 eVe

1.2 Discussion of results
Rather good agreement is observed in fig. 7.3 between the

shape of the theoretical curve for Ed = 5.4 eV and that defined by
the measured values of od. This agreement lends support to the ori-

o ginal assumption that coulomb encounters between incident electrons
and carbon nuclei account for the disordering in V6C5' and suggests that
the thermal spike displacement process proposed by Seitz and Koehler(l)

*Computer calculations by D. Kahn of RIAS.
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for materials containing elements with d-electrons is not applicable
in this case. (See disc~ssion in section 5.2.1.) The latter
mechanism, in which excited d-electrons come to equilibrium with
the lattice in such a manner to form local disorder, would have a
cross-section corresponding to an ionization process. Typically,
ionization cross-sections increase with decreasing incident elec-
tron energy and are expected to exhibit cut-offs only when the
energy of the incident electron approaches the appropriate ioniza-
tion energy. Clearly, the behavior of the data presented in
fig. 7.3 is not consistent with such a mechanism.

In spite of the good agreement between data and theory
however, two factors may influence the result:

1. If the threshold energy for displacing carbon atoms
exhibits a pronounced angular dependence, which has
been neglected here, it may modify the energy-depen-
dence of the cross-section and change the effective
value of the threhold for different bombarding ener-
gies. Such an effect may account for the small posi-
tive deviation from the calculated curve of the
experimental paints at 100 keV. If so, it suggests
that a somewhat smaller value of Ed would be determined



from comparable measurements made with the incident
beam oriented along crystallographic directions other
than the (110) employed here.

2. The arguments presented above suggest that most of the
displaced carbon atoms move to vacant sites in the near-
est neighbor shell of the carbon sublatticel. or return
to their original sites. Thus, the probabilities that
the displaced atoms move to a or ~ sites are propor-
tional to the relative numbers of the two kinds of
sites in the nearest neighbor shell surrounding the
original positions of the atoms. When the mean range
of the displaced atoms exceeds the radius of this
shell, however, or when the fraction of secondary dis-
placed atoms becomes large, the probabilities become
more nearly proportional to the average concentration
of the two sites throughout the lattice. Whenever the
latter circumstances apply, the values of ad obtained
by the present analysis would be approximately 20~
smaller than the correct values.
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It should be noted that these two uncertainties in the
values of ad have a rather small influence on the value of Ed in-
ferred from the data, and they both suggest that the present estimate,
Ed = 5·4 eV, is an upper limit to the threshold energy. This value
is unexpectedly low in comparison with the values that have been
reported 1n the literature for most other materials, but, as will
be discussed in Chapter Nine, the high carbon vacancy concentra-
tion (~ 16%) in V6C5 may be a factor contributing to the low dis-
placement energy. According to the model for disordering which has
been employed ·to analyze the present data, carbon atoms have a high
probability ot being permanently displaced only if a vacancy site
is accessible in the nearest neighbor shell of the C-lattice.
Thus, the minimum impulse of energy which will suffice to generate
permanent displacements is that required to remove a carbon atem
from its normal lattice site and place it in a nearest neighbor
vacant site. This process contrasts to common circumstances
expected to apply in monatomic solids, for example, in ~hich the
activation energy would be larger by the amount required to form

a stable interstitial.
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CHAPI'ER EIGHT

·FURI'HERRADIATION DAMAGE STUDIES

8.1. Search for effect of electron channelling on damage rates in

The effect of channelling on damage rates associated with
heavy ion irradiation of gold has been.measured by Noggle and Benett(l)
who found that the rate in chan~elling orientations was approximately
10 times less than in random orientations. No analogous experiments
have been performed previously for electron damage, but it has been
suggested by M~kin and Sharp(2) that the channelling which gives rise
to the anomalous transmission effect observed in electron microscopy
might be accompanied by an anomalously low damage rate. When a
sample is oriented for anomalous transmission, a phenomenon which is
similar to the Borrmann(3) effect for X-rays and to chanelling for ion
beams, the two beam dynamical theory predicts that more of the inci-
dent electrons spend time in regions between atomic planes than occurs
for other orientations. Since these channelled electrons tend to
avoid the atom sites, they should have a reduced probability of inter-
acting with the atomic nuclei to produce displacement damage. In view
of the important implications such an orientation dependence would
have with respect to electron radiation damage studies, an attempt
bas been made to determine its magnitude in the ordered compound V6C5'
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This material offers an unusual opportunity to examine this question
experimentally since the full analytical capabilities of the elec-
tron microscope can be utilized to resolve the small angular separa-
tion between channelling and de-channelling orientations and to mea-

.-

*sure the respective damage rates in ~.

The general expression for the wave function describing an
energetic electron in a crystalline solid is given by a series of
i Bloch waves" (4)

'I(r)= E",(i)(zLL:Cg(i)(k(i»exp(~(k(i)+g) • r}exP(_21Tq(i)z) (8.1)
i g

whose excitation amplitudes, ",(i)(z), are determined by sample
orientation and incident electron ene~gy. Because of absorption
effects" the waves are damped proportional to eXP(_2rrq(i)z), where
z is the sample thickness and the q(i) 's are the absorption coeffi-
cients appropriate to each wave. For the two-beam case, where only
the zero order beam and one reflection are allowed, two Bloch waves

are excited (i = 1,2) and their intensities at the Bragg angle are
gi~en by, (4)

b(l)* • bel) = 2
b(2)* • b(2) = 2

2 -sin 1Tg •
2 -cos 1Tg •

r[exp(-41Tq(1)Z)]
r[exp(_41Tq(2)z)].

( 8.2)

These expressions illustrate that the waves exhibit different sym-
metries j Bloch wave (1) peaks in intensity in regions of high

*Prof. P. B. Hirsch, Oxford, first suggested that this technique
might be employed to search for channelling effects. (Private
communication.)
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potential energy between atom planes, whereas Bloch wave (2) has
its maximum intensity in regions of low potential energy near the
atoms, as illustrated in fig. 8.1. If it were not for absorption
effects this result would be trivial; however, since the form of
the inelastic potential representing absorption is qualitatively
similar to the real potential, (5) it follows that Bloch wave (2)
is attenuated more rapidly than the channelled wave,' Bloch wave
(1), i.e. q(2) > q(l). Thu~because of selective absorption it
is primarily the channelled wave that accounts for the trans-
mission of elastically scattered electrons through thick crystals.

The total flux associated with the channelled wave depends
upon the amplitude *(l)(z), which in turn varies in magnitude as a
function of sample orientation. The main effects of taking into
account this variation of the Bloch wave excitation are that
maxim~~ channelling occurs just outside the Bragg angle, giving
rise to anomalous transmission, whereas minimum channelling occurs
at the symmetrical position where the transmission is, as a result,
anomalously low. .At a bend extinction contour, which corresponds

. to a "rocking curve" about the symmetrical position, these regions
of maximum and minimum channelling are delineated by the associated
changes in intensity as shown schematically in fig. 8.2. .Accordingly,
to determine the influence of channelling upon electron damage a
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Fig. 8.1. Schematic diagram of the two types of Bloch waves employed
in the two-beam dynamical theory of electron diffraction. The current
flow vector is parallel to the reflecting planes for both wave a. Bloch
wave (2) has its maximum intensity at the atom sites, whereas wave (1)
has its maxima in the intervening regions. The type (1) wave is
"channelled" between the atomic planes and consequently is transmitted
more effectively than is the type (2) wave.
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Fig. 8.2. Pictorial representation of method used to search for
the influence of electron channelling on damage rates in V6CS'
The bands associated with the bend extinction contour delineate
regions of maximum channelling (anomalous transmission regions)
and minimum channelling (anomalOUS absorption region)- In the
experiment, a comparison was made between the rate at which the
domain wall fringes disappear in the two different regions.
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comparison has been made between the damage rate in an anomalous
transmission contour with that in an anomalous absorption band.

The experiment was performed by positioning a 220 (indices
referred to cube axes) bend extinction contour over a domain wall
in a transmission foil of V6C5' fig. 8.2. The domain walls arise
solely as a result of ordering on the C-lattice so that the
intensity of the fringes that make then visible will 'decrease as the
crystal becomes disordered, fig.•5.1. Moreover, the (220} planes
satisfy the criterion expressed mathematically in equation (8.2)
and schematically in fig. 8.1, that planes of atoms occur only at
nodal positions for Bloch wave (1). Tl:.us,after severa.l minutes
of irradiation with the electron beam, the fringes should be less
intense at A than at T in fig. 8.2 if channelling has influenced
the damage rate.

If the effect of electron channelling were as large as
that reported for ion beam irradiation,(l) it would be observed
readily in this manner, but in these experiments no difference in
the damage rate has been detected between the two regions. This
!esult is surprising since the large difference in electron intensi-
ties observed experimentally between the anomalous transmission and
absorption bands suggests that the effect should be quite pronounced.
However, this contrast is some~hat misleading since it is enhanced
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by the presence of the objective aperture which serves to remove a
substantial background of inelastically scattered electrons. The
calculations of Whelan,(6) Howie,(7) and Humphreys and Hirsch,(8)
indicate that only one inelastic scattering process, namely phonon
scattering, actually contributes to the absorption effects which
are responsible for extinction bands. Phonon scattering is suffi-
ciently localized (near atom sites) to selectively attenuate the
two Bloch waves, but this is not the case for plasmon, or single
electron scattering which exhibit much more diffuse collision
zones. Electrons that are inelastically scattered by such non-
localized interactions therefore contribute to a general background
intensity which can be substantial in thick crystals since the cross-
sections for these processes are relatively large.(6,7,9)

Although the effect of background radiation can be suppressed
with an aperture to improve the optical contrast, it is clear that
the channelling efficiency, i.e., the ratio between the channelled
and total flux, will always be degraded if a background is present.
Thus, if there is a large background of damage provided by inelasti-
~ally scattered electrons, the variation in intensity of the
channelled electrons with orientation may lead to only a small per-
turbation in the overall damage rate which could remain undetected
even with the rather sensitive techniques employed here. The present
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results appear to be consistent with such an hypothesis but as yet
no attempt has been made to obtain a direct measurement of the
channelling efficiency. Until this is done, no quantitative com-
parison can be mad~ with the channelling efficiency for ions, but
on the basis of these initial studies it would appear that, quali-
tatively, the influence of channelling upon the production of
radiation damage is much less import~nt for electron irradiation
than for ions.

8.2 Diffusion of carbon in V6C5

Hollox and Venables(lO) have demonstrated that the order-
disorder transformation temperature of V6C5 corresponds rather
closely to its brittle-ductile transition temperature, both effects

o 0 *occurring within the range 1250 C to 1300 C • On the basis of this
observation it was suggested that ordering imparts a brittle behavior
to the mechanical properties and that significant plastic deformation
becomes possible only after the lattice is thermally disordered.
Although it is not unreasonable to expect that the ordered structure ~~y
place severe restraints upon dislocation motion, perhaps through
the necessity to form superdislocations, it is nonetheless possible
that the brittle-ductile transition and the order-disorder transforma-
tion occur in the same temperature range only because both are deter-
mined by the rate at which carbon atoms diffuse through the lattice.

/
*To be discussed in more detail in Chapter Nine.



- 92 -

Thus, Rowcliffe(ll) has proposed a model for slip in the carbides
which suggests that dislocation motion is accomplished by means of
a synchro-shear process similar to that first suggested by Kronberg(l2)
to account for deformation in Al203• If such a model is applicable to
the carbides, it implies that dislocations will exhibit appreciable
mobilities only at temperatures sufficiently high to permit rapid rates
of carbon diffusion. Similarly, significant motion of the carbon
atoms must also occur to effect the order-disorder transformation.

To evaluate this alternative proposal, it is necessary to know
the rate of carbon diffusion at, or below 12500C. Unfortunately,
the available data on diffusion of carbon in VC were obtained at
significantly higher temperatures, l50aoc to 190aoC, (13,14,15) and

the possibility remains that the activation energy for carbon ciif-
fusion changes with temperature (possibly rather abruptly). Problems
are often encountered in measuring diffusion coefficients at low
temperatures, but it has now been possible to measure the activation
energy for carbon diffusion in V6C5 from a study of the kinetics of
the ordering process in the temperature range 6000c to 80aoc.

In a temperature region sufficiently far below the order-
disorder transformation, the time required to achieve a specified
degree of order is expected to vary with temperature as(16)

T = TO exp w/kr,
in which W is the activation energy for ~hermal motion of a carbon
atom into an adjoining vacant site. This activation energy is
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expected to be close to the value obtained from a measurement of

the bulk self-diffusion coefficient, but in any event, it is the

quantity of interest here. Thus, a determination of W can be made

by measuring, as a function of temperature, the time required to

reorder specimens of V6C5 that ha.ve been disordered previously under
electron bombardment.

Samples of V~5 were disordered in the electron microscope

as described previously in Chapter Seven. After imparting a fixed

amount of damage to the sampl.e , it was heated in the microscope hot

stage and the time required for the superlatti~e sputs to be~ome

visible again was measured at var'Lous temperatures. 'l'hereordering

times detert:linedby this procedure are indicated 'by th.a 30lid circles

in fig. 8.3. An estimate of the ac't Ivat Lon energy associated with

this reordering can be obtained from the slo~e of the line through

these points,

W = k dIn Tjd(ljT), (8.4)

but the accuracy of this estimate can be improved somewhat by exploit-

ing information derived from the measurements of the specific heat

of V6C5 by Lowndes ~t al. (17) In particular, the Debye tetr.perature

of V6C5 (72loK) determined from these measurenents implies a charac-
t i ti t --' ib tl 013 -1ar s c a omic v ra on f'requency , VD' of 1.5 X 1 sec, which

I
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Time constant for thermal re-ordering of V6C5 y§ recipro-
cal temperature. The closed circles are data points obtained by
monitoring the time, at temperature, required for superlattice dif-
fraction spots to re-appear from a sample that was initially dis-
ordered by radiation damage. The open circle is a theoretical point
derived from considerations of the Debye temperature of V6C5, as
described in the text.
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w1ll be fully excited at elevated temperatures. Disordered carbon
atoms undergoing these vibrations will have one chance in six tries
to jump into an ordered position in a nearest-neighbor site of the
carbon sUblattice since, on the average, 5/6 of the nea~est-neighbor
sites are already occupied. Thus, the re-ordering time at very ele-
vated temperatures is expected to be approximate~ 6/vD = 4 X 10-13

sec. This re-ordering time is plotted as the open circle at the left
ordinate of fig. 8.3.

The straight line trxough this calculated point and through
the points obtained by direct observation of the re-o!"dering times
has a slope corresponding to an activation energy of 2.7 ev, close
to the mean of the values, 3.11 eV,(13) 2.9 ev,(l~) and 2.52 ev,(15)
reported for the activation energy"for carbon diffusion at consider-
ab~ h1gher temperatures. Thus, these results indicate no signifi-
cant change in the mechanism for carbon diffusio"1 between the low-
and h1gh-temperature regimes. Moreover, the observation that re-
ordering does take place very ra.pidly at temperatures much below
l2500C demonstrates that the order-disorder transformation tempera-
ture is established primarily by equilibrium thermodynamic conafde'ra-
tions and is not influenced significantly by the kinetics of carbon
atom diffusion under readily attainable experimental conditions.
Indeed, the present results suggest that the re-ord::ring til!lenea.r
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the order-disorder transformation temperature is approximately

l~secJ far faster than the cooling times attainable ur-der ordin-

ary circumstances.
On the basis of these observationsJ it is possible to dis-

count the proposal that the brittle-ductile transition end the order-

disorder transformation are correlated only because both are esta-

blished by the kinetics of carbon atom diffusion. The alternative

proposal, that the ordered structure itself severely restricts dis-

location motion below the order-disorder transformation, appears to

be the more probable explanation, but additional studies will be

necessary to elucidate the mechanisms involved.
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CHAPI'ER N:mE

GENERAL DISCUSSION AND SUMMARY

9.1 Discussion
This investigation has been directed toward obtaining an

improved understanding of the unusual physical and mechanical pro-
perties that make the transition metal carbides interesting scien-
t1fically as well as potential~ useful materials for future tech-
nology. The emphasis that has been placed on ordering effects
grew quite naturally from an initial desire to interpret the com-
plex electron diffraction patterns exhibited by vanadium carbfde ,
but the results have provided much more than a crystallographic
description of an ordered structure. Ind.eed"a rather coherent
picture of the relationship between electronic structure , defect
structure and mechanical properties emerges when the origins of
the ordering are considered in terms of the band structure of
vanadium carbide.

Using transmission electron microscopy, electron diffrac-
tion and NMR it has been shown that the nOminally cubic" isotropic,
vanadium carbide structure is modified substantially by ordering in
the carbon sublattice when the carbon-to-metal atom ra.tiois close
to the integral composition VEP5. In the proposed structure, th~
vanadium atoms occupy their normal fcc lattice sites, but the carbon

i
I
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atoms (and carbon vacancies) are distributed on their fcc sublattice
in such a manner that all the vanadium atoms have only five nearest
neighbor carbon atoms. The observation that ordering in material
of this composition leads to a distribution of atoms that 1s homo-
geneous on an atomic scale is consistent with the electronic struc-
ture of vanadium carbide as it is currently understood.

In particular, Izy"e(l)has shown that the maximum occupancy
of bonding 3d-states is achieved in vanadium carbide when the carbon-
to-metal atom ratio is close to 5/6. At this composition the anti-
bonding states are empty, or nearly so, but an increase in the car-
bon concentration beyond this ratio serves to increase their occu-
pancy with electrons contributed by the carbon atoms in the manner
described in Chapter One. Since the electronic interactions be-
tween neighboring metal atoms are important in determining the band
structure as well as the total cohesive energy of the transition
metal carbides, it has been suggested by tye(l) that the most stable
structure would occur when the local concentration of carbon atoms
is equal to the integral number five. This condition is not met in
vc if the carbon atoms assume a random distribution on their fcc
lattice sites even t~ough the carbon-to-vanadium atom rati.o is 5/6.
In these circumstances the fraction, p, of vanadium sites having
n(n S 6) nearest neighbor carbon atoms is given by the binomial

I



;"'100. -

distribution function

where r is the fraction of the carbon sites that are occupied, and
C 6 are the binomial coefficients. Thus, for a random distribution,
n

33i of the vanadium sites will have six nearest neighbor carbon atoms,
whereas only 40~ will have five. On the other hand, the condition
of homogeneity on an atomic scale is readily satisfied without any
modification of the metal lattice, if the carbon atoms assume the
ordered arrangement which has been deduced for V6C5•

Similar argumer.tsalso appear to account qualitatively
for the ordered structure V8C7which has been described by de Novion
et al.(2) In this case the fraction of vanadium sites having six,
and five, near neighbor carbon atoms would be 45% and 38% respec-
tively, for a random distribution, but in the ordered structure the
corresponding ratios are 2~ and 75i. Such an ordered arrangement
would be expected to exhibit less stability than V6C5 because anti-
bonding d-states are necessarily occupied, but it should clearly be
more stable than th~ random distribution.

In addition, recent NMR experiments by Kat~(3) indicate
~hat this influence of the electronic structure is retained even
at low carbon concentrations, imposing short range ordering of the
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carbon atoms in VCO•75• In this material Kahn finds that the con-
centration of vanadium atoms having 5 near neighbor carbon atoms
(Vl sites) is very much in excess of that expected on t~e basis of
a random distribution of carbon atoms, whereas the concentration of
those having six near neighbor carbon atoms (VO sites) is much less.
This behavior is consistent with that observed in V~5 and V8C7 and
it seems reasonable to suppose that it arises from the same cause.
In this case,however, the low concentration of the carbon atoms may
allow a greater flexibility in their distribution so that the re-
strictions imposed by the electronic structure may be accommodated
by short range order only. This material has not been examined by
transmission electron microscopy and therefore it is not known whether'
long range order is present, but tye's(l) interpretation of the
ordering in terms of the electronic structure suggests that the
driving force for long range ordering should be low. The stability
of long range ordering may therefore be less in VCO•75 than in
V6C5 or V8C7 and the character of the superlattice diffraction
pattern ~~y be sensitive to the prior thermal history of the speci-
mens. Clearly, detailed studies will be needed to este.blish the
nature of the ordering in VCO•75•
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It appear~, then, that the ordering effects observed in
vanadium carbide are determined by the tendency to avoid occupying
the antibonding 3d-states of the band structure with electrons con-
tributed by the carbon atoms. If this interpretation is correct, it
provides an example of the way in which the electronic energy band
structure of solids can influence their mechanical behavior, be-
cause the ordering effects observed in VC.appear to account rather
well for some of its mechanical properties.

The mechanical behavior of VCO•75' VCO.84 and VCO•88 has
been studied by Hol1ox over a wide temperature range(4). Figure 9.1
illustrates the temperature dependence of the critical r·eso1ved shear
stress (CESS) for slip in these materials, and compares their be-
bavior with that of TiC of equivalent carbon-to-meta1 ratio. Unlike
the situation in TiC, the CRSS of VC does not increase monotonical~
with increasing carbon content, but passes through a maximum, the
strength of VCO.84 being high~r than that of either VCO•BB or VCO•75•

The observed strengthening of T:i.Cwith increasing carbon
content is consistent with Lye's model of the electronic structure.
According to Lye,(5,6) the predominant contribution to the cohesive-

ness of the carbides arises from largely covalent metal-metal bonds.
The strength of these bonds increases with carbon content because,
(1) the carbon atoms donate electrons to crystal states derived from
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metal atom wave functions and increase the number of 3-d electrons
available for metal-metal bonding, and, more important, (2)
the presence of carbon atoms in overlap regions of neighboring
metal atom 3d-orbitals introduces a potential that increases the
strength of the metal-metal interacticns. The complex behavior of
VC and the dramatic changes in strength that accompany small varia-
tions in stoichiometry cannot be explained directly on this basis
but they may be discussed in terms of the electronical~ induced
ordering.

A z-eIat.Lonshfpbetween ordering effects and the mechanical
behnvior of V6C5 has been established by Hollox and Venables.(7)
They determined the order-disorder transformation temperature of
this ~terial by measuring the annealing temperature required
to induce a permanent ~hange in the domain pattern observed with
polarized light. Because a marked change in the pattern was

onoted when the crystal was annealed above 1300 C, while annealing
at l2500C (or below) did not influence the pattern in any notice-
able way, i~ was concluded that the order-disorder transformation
temperature lies.between these two limits. Significantly, the
lowest temperature for which some ductility is observed in V6C5
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also lies within this range, fig. 9.1, and for this reason it was
inferred that the brittle-ductile transition temperature is deter-

*mined in whole, or in large part, by the ordering.
The precise manner in which the ordered structure exerts

its influence upon the mechanical properties is not completely
understood, but it is not unreasonable to expect that the presence
of a superlattice would modify the structure and mobility of dis-
locations in these materials, leading to the observed hardness and
brittleness. It is well known, for example, that in ordered struc-
tures slip occurs by the movement of "superdislocations" which are
required to avoid the formation of large area antiphase boundaries.
Such dislocations are difficult to generate and move, (8) and because
they cannot cross glide readily,they are not expected to be very
effective in relieving stresses at crack tips.

*A similar relationship may also apply for V8C1 since recent work by
the present author suggests that the order-disorder transition in
this material occurs near the brittle-ductile temperature of 1100oC,
.fig. 9.1. This work ~as only partially completed at the time of
this writing ?o that a detailed description of the experiment will
not be included here. Briefly, however, the disordering temperature
was determined by a direct measurement in the electron microscope
using the electron beam for heating. The temperature of the hot spot
was monitored with a specially constructed pyrometer-microscope attach-
ment, while the degree of order was estimated from an analysis of the
superlattice spot intensities in the selected area diffraction pat-
terns.
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These specific effects of the ordering are expected to apply
up to the order-disorder transformation temperature but the influence
of the electronic structure may persist to still higher ,temperatures
imposing short range order on the structure. It is possible, there-
fore, that the gradual disruption of this short range order may in-
fluence the temperature dependence of the strengths of V6C5 and V8C7
at elevated temperatures. Additional work must be done in this area
to establish the nature of the structure above the order-disorder
temperature but these arguments appear to account qualitatively lor
HOllox's(4) observation that V6C5 exhibits a consistently higher
yield stress than V8C7 up to l800oc, fig. 9·1. The greater stability
of the ordering in V6C5' which is reflected in its higher order-
disorder transformation temperature, appears to extrapolate well into
the temperature range ~n which both V6C5 and V8C7 deform plastically.

In addition to the ordering effects which have been described
in Part I, considerable attention has been focussed on the disordering
phenomenon which occurs when V6C5 is bombarded with relatively low
energy electrons. The value of displacement energy derived from these
experiments provides additional insight into the properties of the
carbides, but the results appear to have important implication for the
general problem of radiation damage in solids as well.
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The.threshold energy which has been measured for displacing
carbon atoms in V6C5 is considerab~ less than that observed in most
other materials. The discrepancy is particularly pronounced if the
comparison is made on the basis of'the argument, proposed initially
by Seitz and.Koehler,(9) that the displacement energy can be expected
to have a value approximately four times the heat of vaporization.
For many substances, this qualitative relation holds rather well,
although the observed displacement energies often are substantially
larger than expected on this basis. For V6C5' on the other hand,
the displacement energy, Ed = 5.4 eV, is substantially ~ than the
value of Ed = 30 eV expected from the heat of v~porization of carbon
from a similar transition metal carbide, ZrC, for which6H ~ 170Kv
cal/mole(IO) •

The low value of the displacement energy for carbon atoms in
V6C5 may be rationalized in terms of the unusual electronic structure
of the carbides by noting that the carbon atoms lose electrons to the
3d-states of the metal atoms according to Lye's band structure cal-
culation~.(5,6) Nevertheless, factors other than the electronic struc-
ture of the perfect lattice must be expected to play a role in deter-
mining the displacement energy. In particular, it was recognized
very early in t~is study that V6C5 was somewhat unusual in that every
carbon atom had vacant sites available in the nearest neighbor shell
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of the carbon sublattice (viewed in terms of the parent rocksalt
structure from which V6C5 lattice is derived). These vacant posi-
tions in the c~rbon sublattice are a\~ilable to accept a displaced
carbon atom with the expenditure of relatively little energy. More-
over, the carbon atoms displaced to these originally vacant sites
are expected to remain trapped at sufficiently low temperatures (i.e.
below 550oc,according to the results presented in section 8.2).

For monatomic solids, most displaced atoms will not have a
vacant lattice site accessible to them. Furthermore if such an
atom becomes trapped momentarily at an interstitial site that is
close to the vacant site from which it was displaced, the vacancy-
interstitial pair will be unstable and will relax to leave no obser-
vable damage. Thus, to produce observable damage, the displs.ced atom
must have sufficient energy to permit transferring the energy pulse
for several interatomic distances through the lattice to a position at
which the vacancy-interstitial pair is stable. This problem has been
studied in considerable detail by Vineyard and coworkers(11,12) and
others, using extensive machine calculations to follow the movement of
atoms in a model crystal. The results of these studies can be used
together with the analysis of the displacement process in V6C5' des-
cribed in Part II, to provide an improved understanding of the dis-
placement threshold energy and its relationship to thermodynamic para-
meters of this and other u~terials. In particular, a relatively
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simple model of the displacement process appears capable of pro-
v1d1ng a useful relationship between

1) the energy to form a vacancy,
2) the energy to form an interstitial,
3) the displacement threshold energy(s), and
4) the separation between stable vacancy-interstitial pairs

formed at the threshold energy(s).
According to Vineyard and cowork~rs, (11,12) the effective

threshold energy for producing radiation damage is a sensitive func-
tion of the original direction of motion of the displ~ced atom. Some
of this variability arises because the displaced atom strikes two
atoms simultaneously when it moves in certain directions from its
original position. Unless it has an energy large enough to over-
come the formidable barrier presented by the two atoms, the dis-
placed atom is reflected back to its original position and no per-
manent damage is created. A somewhat similar behavior results also
when the displaced atom is directed along a path that lies close to
certain of the low-index crystallographic directions. For then, the
moving atom must have sufficient energy to propagate focussing colli-
sions along the row of atoms in the direction 'of its initial flight

path.
Along most directions, however, the moving atom does not

make focussed collisions, nor does it collide with two atoms
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simultaneously. The majority of displaced atoms can be considered,
therefore, as making hard-sphere collisions with individual atoms.
Assuming isotropic scattering for the hard-sphere collisions, it is
expected that the energy of the moving atom will diminish by approxi-
mately one-half of its initial value on each collision, as confirmed

(12) .numerically by Vineyard and cOworkers for one random direction
in bcc iron.

This average energy loss of one-half for each collision will
persist only as long as the energy is substantially greater than the
binding energy of the atoms in their normal sites (or greater than
the energy required to form an interstitial). For simplicity, how-
ever, the deviations that occur near the end of the path shall be
neglected and it will be assumed, as Vineyard appears to have done,
that the propagation of the disturbance terminates when the moving
atom has only sufficient energy left to form an interstitial~

On this basis, it is expected that several "threshold dis-
placement energies" will be observed, depending on the number of
collisions tr~t are undergone between the original displacement and
the site of the (stable) final interstitial. If the energy required
to form the initial vacancy is E , the energy required to form anv .
interstitial is Ei, and the displacement threshold energies are

Edn, then (see fig. 9.2),
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Fig. 9·2. Energy scheme for proposed model of the displacement process
in monatomic solids. According to this model} observable damage will
occur only if the displaced atom has sufficient energy to (1) create a
vacancy of energy~} (2) permit transferring the energy pulse for n
interatomic distances through the lattice to a position at which the
vacancy interstitial pair is stable, and (3) form an interstitial of
energy E.' at the terminal point of the disturbance. The energy of
the movi~g atom is expected to decrease by half with each collision
·so that its initial kinetic energy} after the vacancy is formed} must
be 2nEi. For the special circumstances which apply for V6C5} Ei ~ 0
and} therefore} Ed = Ev'
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To test whether this simple model has merit, the behavior
predicted by this equation has been compared with a number of
observations reported in the literature. R. A. JOhnson~13) has
calculated the 'values Ev = 1.49 eV and Ei = 4.08 eV for nickel.
Inserting these values in the equation yields the following values
for the displacement energies for producing an interstitial after
one, two and three collisions (n = 1,2,3) .

Edl = 9·65 eV,
Ed2 = 17·7 eV,
Ed3 == 34.1 eVe

These values compare well with displacement energies reported in
the literature. FO; example, Kentwort~~ and Neely(14) have re-
ported a displacement threshold energy of 34.5 eV, whereas
Lucasson and walker(15) analyzed their reoults in terms of a pro-
bability of displacement that increased from zero near 16.0 eV
to unity near 34.0 eVe In terms of the present model, these
results can be interpreted as follows: At low energies, the dis-
placed atom forms an interstitial after only one collision, but
the proximity of the vacancy to the interstitial makes the con-
figuration unstable and it relaxes to yield no permanent da~age.
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In the intermediate region, corresponding to the threshold
energy Ed2 = 17.7 eV, increasing numbers of the displaced atoms have
sufficient energy to undergo twa collisions and have enough energy
left to form an interstitial. The resulting interstitial is separ-
ated from the vacancy by twa or more shells of atoms, and therefore
forms a stable configuration.

In the high energy region, some interstitials are still
formed within the same distance of the vacancy as in the inter-
mediate energy region, but now an increasingly large fraction of
the atoms can undergo three collisions and still have enough energy
left to form an interstitial. Most of these interstitials will lie
at 3 (or more) interatomic separations from the site of the vacancy,
and they will have even greater thermal stability than those formed

in the intermediate energy region.
The observations on nickel, therefore, are consistent with

the predictions of this simple model, and good agreement is found
also with measurements of displacement energies obtained for other
materials, as shown in Table 9.1. In addition, further confirn~-
tion is provided by the annealing ~tudies of Klontz and MaCKay(32)
who observed that radiation induced defects in Ge recover in four
distinct stages at 200, 35°, 550 and 67°K. They have suggested that
these annealing stages arise from the recombination of vacancies
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TABLE9.1

Element Ev

Ni

Ge 1.91 (d)

Si'

C 3.68(d)
(Diamond)

C 10.5(P)
(Graphite)

n

1
2
3
1
2

~

5
1
2

~
5
1
2

~
5
6
1
2
3'
1.
2

~

-------------------_. ----
a) Ref. (13).b) Ref. (15).
c) Ref. (14) •
d) Ref. (16).
e) Ref. (17)
f) Corresponds to onset of

damage ref. (18).
g) Mean value required'to

fit data, ref. (18).
h) Ref. (19).
1) Ref. (20).
j) Hef. (21).
k) Ref. (18) and (22).

1) For n-type, ref. (23).
m) For p-type, ref. (23).
n) Ref. (24 ) •
0) Ref. (25).
p) Rp-f. (26).
q) D. T. Eggen (c.f. tabulation,

ref. (27).
r) Ref. (28)..
3) Ref. (11)
t) Three thresholds require1. to

fit data, ref. (29).
u) Ref. (30).
v) Ref. (31).

I
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and interstitials whose radial separation is largest for the 67°K
opairs and smallest for the 22 K pairs. The defects which anneal

at the three lowest temperatures, however, do not arise as an
immediate consequence of electron bombardment because, experimen-
tally, it is shown that they are normally unstable to recombina-
tion. Rather, they appear to be formed from the 670K pairs -- the
primary defects -- which can capture an electron and thereby in-
crease the barrier to annihilation for the lower energy interstitial
sites in their immediate vicinity. Thus, once a primary defect has
formed and has captured an electron, it can relax thermal~ to one
of the other three configurations which anneal at lower tempera-
tures. The relevance of these results to the proposed model for
displacement energies is apparent from an examination of the 1ata
for Ge presented in Table 9.1. A comparison of the measured thres-
holds with the calculated values of Edn suggests that the first
stable configuration results when the vacancy and.interstitial are
separated by four shells of atoms. If this configuration is asso-
ciated with the primary defect referred to by Klontz and MaCKay,(32)
it leaves precisely three configurations of lower energy to account

o 0 0for the three annealing stages which occur at 20 , 35 , and 55 K.
Thus, as a result of these considerations it appears that

the differp.nt values determined for the threshold displace~ent ener-
gies by different observers for the same material may reflect truly
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distinguishable displacement processes that can be characterized
approximately by the number of collisions occurring between the
initial impact and the formation of the final stable interstitial.
Moreover, the success of this model when applied to rather different
classes of solids provides confidence that it may also be used to
analyze the observations of radiation damage in V6C5. According to
the results described in Part II a carbon atom becomes displaced
permanently by impinging electrons having energies within the range
employed in this study only if a vacancy is available to it in the
nearest neighbor shell of the carbon sublattice. Unlike the cir-
cumstances in other materials listed in Table 9.1, however, no addi-
tional energy is required to insert the atom into an interstitial
site. The threshold displacement energy, Ed = 5.4 eV, measur~d for
V6C5 is, therefore, approximately the energy required to form a
carbon vacancy.

This value for the vacancy formation energy, 5.4 eV, is
greater by a factor of twa than the activation energy for carbon
diffusion-measured by studying the kinetics of re-ordering. The
.factors which deterID1ne the diffusional activation energy in VC,
however, are different from those that apply in common circum-
stances where the total energy is equal to the sum of the motional
and vacancy formation energies. A large concentratlonof vacant



- 115 -

carbon sites is always available in VC and diffusion of the carbon
atoms can occur without the generation of additional vacancies.
Consequently, the measured value for the activation energy of carbon
diffusion, 2.1 eV, is expected to correspond to the motional energy
alone. It is interesting to note that if no vacant sites were avail-
able, the present analysis suggests that the diffusion energy would
be larger by 5.4 eV. This conclusion makes it apparent that the
high vacancy concentration in non-stoichiometric carbides plays an
important role, not only in the displacement process, but also in
establishing the energy for carbon self-diffusion.

9.2 Summary

As a result of this investigation into ordering and disorder-
ing effects in the refractory hard metal, vanadium carbide, it is

concluded that:
(1) At a carbon-to-metal atom ratio corresponding to the integral
composition V6C5' vanadium carbide exhibits an ordered structure
belonging. to the trigonal ~pace group P31, or it enantiomorph, P32•
The nature of the structure has been derived from the r~sults of
electron diffraction and NMR studies.
(2) The ordered structure, V6C5' is a derivative of the nominal
rocksalt structure and arises because of ordering between carbon
atoms and carbon vacancies on the fcc carbon sublattice. In the
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proposed structure, the distribution of carbon atoms (and vacancies)
is such that all the vanadium atoms have only five nearest neighbor
carbon atoms. The observation that ordering in a material of this
composition leads to a distribution of atoms that is homogeneous on
an atomic scale is consistent with the electronic structure of vana-
dium carbide as it is currently understood. In particular, it
appears that the ordering is determined by the tendency to avoid
occupation of crystalline anti-bonding 3-d states (derived from
d-orbitals of the vanadium atoms) with electrons contributed by
the carbon atoms.
(3) As a consequence of the ordering, a domain structure forms
which is visible both by electron microscopy and by reflected
polarized light. Four domain orientations, corresponding to the
alignment of the trigonal superlattice c-axis parallel to each of
the four equivalent {lll) directions of the primary cell are
observed.
(4) The ordering is disrupted by electron microscope beam bombard-
ment even'when the electron energy is as low as 33 keV. This
.effect is interpreted to arise because the carbon atoms are dis-
placed by the incident electrons.
(5) The displacement energy for carbon atoms in V6C5 is - 5·4 eV.
This value was obtained by monitoring the decay rate of superlatt1ce
spot intensities with a Faraday cup during bombardment and analyzing
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the data in terms of a special model for disordering that has been
developed for this material. With only minor modifications the
model can be applied to other non-stoichiometric ordered compounds
such as V8C7.
(6) The unusually small threshold energy for carbon atom d1splace-
ment in V6C5 can be ur.derstood in terms of a proposed model for the
displacement process that appears to be applicable to many other
solids as well. According to this modal, observable damage will
occur only if the displaced atom has sufficient energy to (1) create
a vacancy of energy E , (2) permit transferring the energy pulsev
for n interatomic distances through the lattice to a position at
which the vacancy interstitial pair is stable, end (3) form an
interstitial of energy Ei at the terminal point of the disturbance.
For monatomic solids, and assuming isotropic scattering, these con-
d1tions may be expressed by the relation

For the special circumstances which apply for V6C5' Ei ~ 0 because
of the large number of vacancies in the carbon sUblattice which are
available to accept a displaced atom with the expenditure of very
little energy and, therefore, Ed = Ev= 5.4 eVe

I

I
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(7) When the proposed model for the displacement process is applied
to other solids,it suggests that the different va.Lues determined
for the threshold energies by different observers for the same
material may reflect truly distinguishable displacement processes
that can be characterized approxi~Ately by the number of collisions
occurring between the initial impact and the formation of the final
stable interstitial.
(8) The influence of channelling upon the production of radiation
damage in crystalline solids is much less important for electron
irradiation than for ions. The fact that V6C5 can be disordered
by electron microscope beam bombardment has made it possible to
compare the rate of disordering in an anomalous transmission band
(region of maximum channelling) with that in an anomalous absorp-
tion band (region of minimum channelling). If the effect of
channelling on the damage rate were as large as that observed for
ion beams, it would have been detected easily in this manner. In
these experiments, hOwever, no difference in damage rate was
detected between the twa regions.
(9) The activation energy for carbo~ diffusion in V6C5, measured
in the temperature range 550 to saooc, is ,...,2.1 eVe This deter-
mination has been made by studying the kinetics of re-ordering in
specimens that have been disordered previously by electron irradia-
tion. Because a large concentration of vacant carbon sites is
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always available in V6C5' and diffusion of carbon atoms can occur
without the generation of additional vacancies, this value is
expected to correspond to the activation energy for motion alone •

..
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APPENDIX I

Structure factors for the ordered compound V6C5 have been
calculated using atomic scattering factors for electrons. Some of
these structure factors are used in the calculations described in
Appendix II, but a more complete list is presented here since it
may prove useful for others working in this area.

Two enantiomorphic forms of the V6C5 structure ~re possible,
but P31 has been chosen arbitrari~ for the calculations. In this
space group, the coordinates of equivalent positions for all atoms
are given by:

1: + 2x,y,z; y, x-y, 3 z; y-x, x, 3 + z,

where the values of x, y, z are those presented in Table 4.1. The
positions of 18 vanadium atoms, 15 carbon atoms, and 3 carbon vacan-
cies contained in a single unit of the triply primitive ~rigonal
cell are shown in Table I.l.
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TABLE r.i
Positions of vanadium. atoms

O.~~444.-o:illl1.0.25
-0.22222.-0.4444410.25
0.11111.0.22222,0.25
-0.22222.-0.1111'-.0.033-333
'0.44444.0.22222,0.083333
0.11111,-O.4~444,O.0833333
.1.11111,0.55555,0.58333
1~~4444.0.22222,O.5B33S3
0.77777,-0.11111,0.56333
1.11111,-0.11111.0.41666
0.77777,0.22222,0.41666
1.~4444,0.5S~55,O.~1666
0.44444,0.55555,0.91666
0.77777,1.22222,0.91666
1.11.111,0.83836,0.91666
1.1111111.1.22222222,0.75
0.77777,0.55555,0.75
0.44444,0.88883,0.75- .'. - . .

Positions of carbon atoms

O~1111I,-0.4~~~4,O.33333
-0.22222,-0.11111.0.33333.
0.44444,0.22222,0.33333
-0.22222,0.22228,0.16666
O.~4444,O.55555,O.IQ666
1.44444,0.55555,0.66666
1.11111.-0.11111,0.66666
0.77777,0.22222,0.66666
0.77777,-0.44444.0.5
0.44~44,-0.1111I,O.5
0.44444.a.8~88B,I.0
1.11111,1.22222,1.0

".0.77777,0.55555,1.0
1.4444411.2~22e,O.g33333
1.11111,0.55555,0.83333
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TABLEI.1 - cont Jd-

Positions of carbon vacancies
0.11111,,-0.11111,,0.16666
1.11111,,0.22222,0.5
O.77711~O~8B888,O.33333

Using these atomic positions and the a.tomic scattering
factors for electrons contained in the International T.ables for
X-Ray crystallograpty(l), the structure factors were computed from
equation (6.10) with a program generously provided by D. Kahn of
BIAS. The results, along with appropriate d spacings, are presented
in Table I.2, ~here the hexagonal indices, H K L, have been used
to label all reflections. For some purposes it is convenient to
use the cubic indices, h k I, for the primary reflections, in which

case the following transformation matrices are useful:

h
2 0 1 H- - - b3

k 0 2 1 K= 3 - b •

I
2 2 1
3 3 - b L

(cubic) (hex.)
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•

- 1 1 :(
hH '2 -2

1 - 1
1

K = - -2 2 • k

L - 2 - 2' - 2 i

. (hex-) (cubic)

TA.BLE 1.2

STRUCTURE FAC'rORS FOR V6C5

(ELECTRON SCATI'ERING)

II ~ L Il F(HKL)_.
0 0 3 4.8000 2O.2C98
I o· 9 4~4200· 11.5120
I 0 1 4.2150 11.4131
1 0 2 3.'7950 11.1832

'. 0 0 4 3.6000 0.0000
1 0 3 3.'2460 10~7127
0 0 5 2.8800 0.0000
1 0 4 2.7880 9.7923
1 1 o -«

2.5450 0.0016
1 1 1 2~5060 0'.0023
1 I -1 2.5060 15.6-]07
I 0 5 2.4110 .8.8047
t t 2 2.4000 163 ~1550
0 0 6 2.'4000 163.1550
t t 3 2.2480 O~OO21
. I I -3 2.2L160 0.'0035
2 O· 0 2.2040 8.1755
2 0 . 1 2~1600 8.0~79
1 0 6 2.1080 7·8428
2 0 2 2.1060 7.8425
I· I 4 2.'0780 0.0013

. 1 1 -4 2.'0780 270.1869
0 0 . '7 .. 2'~0570 0.0000
2 0 3 2.0030 1~4432
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TABLE I.2 (cont 'd.)

H K !! ~ F(HKL)
-- - .- ....

1 '1 5 1'~9070 12.2576
2 0 .et 1.8800, 6~9674
I 0 7 1.'8640 . 6.9001
0 0 8 I.'SOOO r 0.0000
2 0 5 1.7500 6.'3999
1 1 6 1'.7460 0'.0013
1 1 -6 1~7460 0.0013
2, ' I '0 1.6666 5.9759
I, ,0 8 1"6666 5.9741
2 1 1 1.6555 5.9239
2 1 2 1~6239 5.7816
2 '0 6 I.'6230 .5.7833
1 1 7 1'-6000 0.0023
0 0 9 1-'6000 9.'8355
1 1 . -7 1~6000 9.3302
2 1 '3 1.5740 5.'5555
2 1 4 1.5120 5.2409
1 0 9 1.5040 5.1999
2 0 7 1.'5040 5.1937-- ... _ .... -._ ._. -_._ -.--- ------~-_. - ... .'" .---,.-,. ~_ __;-;-'-_ -•... _ ---_" -.~ . ,.~ ._- ..

- 1 I' o '8 '1~'4690 177.5514
'3 0 0 I.'4690 177.SS!"'!
3 0 1 I.'4620 0.0036 " ,

,
3 0 -1 1~4620 0.0016,
2, 1 5 1.4420 4.8584
3 0 2, 1"4400 0.'0018
0 0 10 I.'41100 0.0000
3 0 -2 1'.'4400 0.0018
3 0 '3 . I.'40~0 ,8.0339
2 '0 8 h3940 4~61S5
I 0 10 1~3690 4.ll961
2 1 6 1.'3690 ' 4.il959
3 0 4 1'-3600 0.001-4
3 0 -4 1~3600 0.'001"
1 t -9 1"~540 0.0011
t 1 9 1.'3540 0.0019

,3 0 5 1.3090 0.0019
3 0 -s 1.'3090 0.0019
2 1 7 1"2950 4.1036

, ' 2' 0 '9 1.2950 4';1057
2 2 ,0 1.2725 0.0014
2 2 1 r , 2616 "'6.8402

. ' t t 10 1~2533 0.0009- .....-.- _._. - -
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TABLEI.2 (cont 'd.)

!! E ~ 12 r(HKL)

1
- -- ~... .".-

-to
' .

1~'25331 76.'0302
2 2 2 1.2531 0.0017.
~ 0 6 1;'2531 76.0151

-3 0 6 1.2531 76.0151
'2 ·2 2 1';2531 0.'00 17
3 0 "

6 r~2531 76.0151·
"

2 2 3 1.'2300 0'-0033
2 J 8 1;'2227 3.7148
3 1 10 1'.2226 3.7142
3 1 1 1.'2182 . 3.6911
2 0 .10 , 1~'2055 3.6297
2 0 10 1.2055 :1.6297
3 t 2 1.'2053 3';6303
3 1 2 '1.2053 3.6303
0 '0. 12 1~2000 134.8300
2 2, 4 1.1997 .. 134.8331
3 0 7 1-'1957 0.0017
3 0 ,.7. 1.1957 0.0017.
3 1 3 1.1847 3.5227 .
2 2 5 ·1~·1639 0.'0030
3 1 4 1.'1576 3.3604
2 1 9 1.1540 3.3600
3 -0 8 1.1383 '0.0011
3 1 '5 1"1254 3.2015.. - ~._- ._.' _ .. - ._..... _ .._. __ ......... _.- ... _ ...... " ......

. . ''t'~'1242 .
.2' 2 6 0.-0015
4 0 0 1.'1020 3.0756
0 4 1 ·1.0988 3.0532
4 0 1 1"'0988' 3.0539
2 1 10 1.0895 3''-0165
3 I 6 . - 1.0894 3.'0143
4 0 2 1.0593 3.0154
3 0 10 1"'-0824 0.0012
3 0 9 1'-0822 5'-1638

',2 2 7 I ~0822--. 5'-1606
4 0 3 1''-0741 2.9403
.4 0 4 1'-0537 2.'8375
3 1 7 1.0510 2.8246
2 2 -8 t-"0391 103.7093
2 2 's 1.0391 0.0011

," 2' 2 8 1'';0391 0.0011
4' 0 5 1.0292 2.7,099
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TABLEI.2 (cont 'd.)

I! K !.! ;Q F(mq;J,
- -- ... _. '.. - - -.-

8 1"0113 -2"'-610 i-"3 1
3 2 0 1"0113 2"6092
3 2 I, 1'-0088 2.5961
3 2 ,2 1'-0014 2"5542.
2 2 9 '" 0.9959 0.'0015
3 2 3 0.9896 2.5011
3 2 -4 0'''9736 2.4334
3 t , 9 0'.9714 2.4252
4 t 0 0''-9619 0.0013
3 -2 '5 " 0.9542 2.3452
3 2 5 0.9540 2.3443
2 2 to 0.9535 54.3587
4 1 2 '0'-9534 54.3508
3 1 10 '0.9320 2.2425
3 1 10 0.-9320 2.2J!25
-3 0 -12 0.9294 91-0313
'4 1 ,4 0"9293 0.'0012
-2 1 ~16 0,,'8485 78"6624
0 0 . ;:';18 O.-SOOO 41.8050

-4 2 ~14 0.-7999 41"7959
'3 3 '.:12 0"6930 55.0-439
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APPENDIX II

RE!:ATIONSHIP BEI'VlEEN TEE INTENSITY

QF A SUPERIATTlCE ~IFFRACTION SPOT

AND ITS STRUCTUREFAC!QB

In Chapter Six, a relationship describing intensity changes
of a V6C5 superlattice spot during electron microscope beam bombard-
ment was derived under the assumption that the intensity of a dif-
fracted beam, I , is proportional to the square of the structure

g

factor, F , appropriate to the particular reflection, g, employed:
g

(II.l)

Although (II.l) is correct for X-ray diffraction, its applicability
for electron diffraction must be justified for the relevant experi-
mental conditions. Accordingly, the dynamical theory of electron
diffraction has been employed to calculate superlattice spot inten-
sities for a V6C5 crystal under cpnditions which simulate radiation
induced disordering.

All quantitative measurements of the disordering rate were
'obtained from superlattice spots of the type 200 (indices referred
to hexagonal axes). In each case, the sample orientation was adjusted
to satisfy the condition that the deviation parameter s = 0 for an
adjacent 300 primary reflection as shown in fig. II.l. Under these
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circumstances, the four beams shown in the figure exhibit appre-
ciable intensities and must therefore be included in the calculations.
The general matrix formulation of many beam theory(l) provides a
convenient method for handling such computations.

In this formulation, an eigenvalue equation of the form

(II.2)

expresses the relationship between (1) the e (i) Bloch wave ampli-g

tudes contained in the column vector e(i), (2) the dynamical scatter-
ing ~otentials A h = U h/2K (K is the incident wave vector) which

. g g-

appear as the off-diagonal elements of the square matrix A, (3)

the deviation parameters which appear as the diagonal components,
A = s , and (4) the eigenvalues, y(i) ~ k (i) - K, where k (i) is
gg g Z Z

the z component of the zero order wave vector associated with the
1th Bloch wave as shown in tig. II.l. Solutions to equation II.2

th .may be used to compute the intensity of the g diffracted beam from

the relationship,

I = l:
g i

where the summations in both i and j are over the Bloch wave indices,

and t is the sample thickness.
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The proportionality between the dynamical potentials and
structure factors, U ..F /1CV , where V is the volume of the unitg ~ c c
cell, makes it "evident that the validity of II.l may be tested by
examining the relationship between Ig and Ug• Thus, the intensity
of the 200 superlattlce reflection, l2, has been calculated as a
function of the dynamical potential, U2, over the range of inten-
sities encountered in the radiation damage experiments.

The matrix, A, which corresponds to the four beam case
depicted in fig. II.l is given by

0 Ul/2K U/2K U3/2K

A - Ul/2K sl = g2/K Ul/2K U2/2K

U/2K Ul/2K s2 = g2/K Ul/2K

U3/2K U/2K Ul/2K 0

where the substitution U = U follows from symmetry considerations.g -g
As a starting point for the calculations, values of Ul, U2, and U3
were determined from the structure factors tabulated in Table l.2
and I2 was computed for the perfectly ordered structure. To simu-
.late disordering, the values of the superlattice potentials, Ul and
U2' were reduced in proportion by small increments while the value
of the primary potential, U

3
, was held fixed. (The magnitude of

U
3

changes by less than 4~ when the long range order paramenter is
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reduced from one to zero.) Since the range of the measured intensi-
ties extends over an order of magnitude" the computations were con-
tinued until the calculated intensity was decreased to one-tenth of
its initial value.

oUsing esti~ted sample thicknesses of t = 1000 A for 33.0
o .

and 47.3 kV, and t a 2000 A for 79.9 and 100 kV" the relationship
between I2 and U2 was determined in this manner for the four values
of incident electron energies used in the measurements. The result-
ing curves" sh~n in fig. II.2,·exhibit slight deviations from a
square-law dependence, however their average slopes corre~pond closely
to a value of two. Because only the average \~lues of the slopes
are important for the radiation damage experiments·(see fig. 7.2)"
it 1s concluded that the proportionality assumed between the intensity
of the 200 superlattice spot and the square of its structure factor
is a valid approxi~ation for the experimental conditions employed.
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