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ABSTRACT v
A detailed electron microséopyvaﬁa diffréctiqp:analysié of Tanalloys _
"qbtained by floatihg'zone melting over the range T#Co;7 to TaCO.S shows
evidence for iﬁtrinsic and extrinsic faulting and short .range order. A
model is preseptéd which is based on the fiiiingvof octahedral sites in
{111} planes.which cén accoﬁnt for the observed faulted Structurgs and

the formation of the phases Tazc,'Taacs.
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I. INTRODUCTION

The transition metals vanadium, niobium, and tantalum form mono-
" carbides which have the rock salt structure over a wide range of carbon

1)

substoichiometry.. Ordered ?hases ocCur at compdsitions VC0 89 VCO 84(2_4)

and NbC ) due to the regular incorporatlon of carbon vacancies in’

0.84
the carbide lattice. No.long range order strpctures have been rgportgd
‘in,tantalum carbide. 4For carbon to metal rgtids between about 0.75 and °

‘0.8, inttiﬁsic.stacking faults héve beeh"observed_in Qanadiﬁmlcarbide
crystals grown from the melt( ) and in tantalum carbide'prcducgd byAcar-A
bu;izing tantalum_sheet(7 ). In both cases these are Shockley faults,
| ':lying 6nf{lll} plaAEé, Bounded by partial dislocations of the type

' a/6§ZIl>.lenlﬁelt=érown crystals of the same composition range, diffuse

‘scattering‘intensitiesbvisible'in electron difftaction patterns are -
thought to arlsé‘frdm short range 6rder'(SR0)(9’;1).- However, similat
effects-have not yét been réported for tantalum carblde prepated in the
solid state. | |

The:formationVQf zeta phaSe'catbides occurs for carbon to metal

; s(12)

ratios close to 0.75. Yvon and Parthé have proposed a structure

for these M4C3.carbides with the.metal atoms ;tacked in the sequence
hhcc where h refers to_the‘hexagontl stacking in_MZC carbides and c‘tp.the
-cubic stacking'in MC ca;bidés. In their x—ray wttk no'evidence for
ordering in. the carbon stacking was found ‘and it was tentatively con- ‘
cluded that the carbon atoms must be randomly distributed over the
octahedral 1nterstices in the hhcc lattlce, These authprs alsp report
'ithat the.ééta phasgs appéat'td'ekist over a ténge of qarboﬁ sﬁbstoichié—
metry béIOW'thé ideal éompdsitionlﬂlo 75 An electrOn microscopy exaﬁina—

tion by Billingham and Lewis also failed to show evidence for carbon
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vaéahcy 6rdering_in:zeta'V4C5. Thus it was suggested that the zeta

(13)

phase forms by a mechanism involving zonal dislocatiqﬁs rather

than by vacancy condensation and simple shearing. In the case of tanta-

lum carbide, the'electroﬁ'diffractibn investigatidn of'Martin(lé)

does
indicafe that carbon. ordering occurs but in this case thg»compositién of
‘thenzeta phase-was_thdught to be Té3C2.
Cleariy, a.numbef of unéérﬁainitiés still gxist in the transition
metal - carbon systems, for examplevwhether melt grbwh cérbides differ
from those produced by solid state diffusion, the occurrence and exact
nature of SRO and fhe rélafion*betweén'the‘noﬁcubic phases; stécking |
faults, vacancy3o£de£ihg and thé FCC phase. The purpose pf the present
paper is to explain some of the phase_reiationships based on thé results
of detailed electron microscopy and diffraction analyses of tangalum' i
carbide érystals, of various*stoichiometries, grown by induction float-b
ing-zoné-melting.

I1. EXPERIMENTAL

",.Diécs weré éut from as grown crystals using an ultrasonic drill.
Thin foils were prepared by electropolishing and/or ion béamvthinning
the dis@s for examination.by tranémission electron microscbpy in a
PhilipstM 300 at 100 kv and a Hitachi Hﬁ 6507at 650ka_so'as to pénetfate
| thickervregions.b Stacking fau1ts were imaged in bright and dark field
conditions, confrast experiments being done at 100 kV fo avoid éompli—'
cations_arisingrfrom mﬁltiple beam conditions which usuélly dccur at
hiéh'energies._ | |

The.carbon contents dudted in this paper afe'éstim;ted from 1attiée

parameter measurements.



III. RESULTS AND DISCUSSION

A, Electron Microscope Observationms .

The structures observed by transmission electron microscopy and
.diffraction are shown in F1gures 1-6. Few defects or other metallographic
features could be resolved in thin foils of composition greater than

TaC 0.8° However, diffraction patterns from samples close to this composi-

tion showed diffuse. scattering effects (Fig. 1la b) especially after pro—

longed aging at high temperatures. vThese appear to be identical to the

\SRO diffuse ‘'scattering reported by Billingham et al. ( )

-(10)

and,ana17zed by
Sauvage and Parthe , and will be discussed in a-separate paper. i
vIn crystals of approximate composition TaCO.S_TaC0.7 regiOns were

observed which contained random arrays of stacking faults, generallyvon
{111} but also occasionally on other planes, probably {112}. At'the
highest carbon contents isolated faults were found in materlal which '
showed diffuse scattering effects.” The coexistence of both structures
Vis demonstrated in Fig. 1b.- lhe diffuse scattering disappeared entirely
at’ compositions below TaCo 78 and - faulting became much more . common. The
'{111} faults are shear faults, i.e. they have bounding Shockley part1a1
.dislocations b = a/6<112> as is'shown in Figs. 2 and. 3, which illustrate'
the appropriate contrast experiments. In order to_study the fringes.at
the edges of the faults,“dark field imageS'Such'as Fig. 3(d) were used.
Ihese show that both extrinsic and intrinsic.faults exist e.g. on (111)
‘and (lll).' This contrast is discussed by several authors e. g Amelinckx(ls).
Since the contrast does not disappear entirely even when the phase factor
a = Zﬂ(g R) = 0, where R is. the fault vector, it islikely that this |

residual" contrast is probably due to local changes in structure factor,

as a result of local compositional changes. These observations can be

.
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.a;éounted:for'if the faulté are disc shéped.1ayers in-fhé{111} stacking
éequehce where the carbon atoms are éompletely missing. The effective-
ness of this pfocess of réducing the'conceﬁtrétidn’bf carbon vaéancies
in tHe léttice cén‘be séeﬁ from the-fac; that once the‘fange of composi-

tion is reached where faulting dccurs, then the diffraction effects due

)

- to vacénéy SRO are.no longef seen. Martin et al. who observed neither
residual coﬁtfast nor extfihsié'faults suggest that' the carbon layers
may not be complétely misSing. These authors also neVe: saw any éiffuse
' scattering of the sort shown in'Fig,_i. Their samples were prepared by
vacuum carbﬁfization of fantalum sheet at 2200°C whefeaS'the crystals
uséd in the present investigation were grown frém the melt, close to 4000°C.
- Clearly, SRO an& the faults are associated with local vacancy concentra-
tions and it could be that.the'distributioﬁ of'carboﬁ‘vacancieé in sub-
stoichidmetrié carbides 1is depeﬁdent upon_the temperature at which the
crystals are formed. | |

o Specimens 6bSer§ed in the ﬁigh:voltage microscope show high’deﬁsities
of randomly*arrahged,faults in thick areas (e.g. Fig. 4). 3y trace
analysis and'byllarge angle tilting experiments, whereby the faults were
maintained in contrast (e.g. using g ;'<2C0>); it was found tﬁat féults
occurred on planes other than {111}.. Fig. 4 shows an e#ample. From
_éuch experimenté it is econcluded that the-m&st‘ﬁrobable'fault planes other
théh'{lll}vafebfllz}. In the case of a fault.§ﬁ (112), only one carbon
- vacancy per unit cell_(e.g. at the 00% site) isifequired. Such faults
aré probaBly growthvagcidents of‘non—stoichiometry. The fault density
inéréases_rapidly Qith sméll decfeaSes’in the carbén'content and ‘maximises

at Ta,C., with the formation of regular {111} faulting;_produéingisheets

473
of HCP and FCC layers 'in the material. This occurs in localized regions
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of the specimen and-coeiists with areas'of random faults‘and;the~
fault-free ‘cubic matrix. (Figure 5) " This regular faulting gives
diffraction maxima at’ /4~<llL>re1points in that <111>>reciprocal
lattice row which is perpendicular to the fault planes. This is shown
in Figure 6. Tﬁe diffraction effects‘are those which can be expected
ron'the baSiS'of_the metal~stacking sequence for_the‘zetavphase as.pro—
posed by Yvon and Parthélzl In addition, they'indicate that the carbon :
vacancies are‘ordered, i.e. complete carbon layers are missing, ratner
Tthan the vacancies_being randomly situated in the octahedral sites of
~the'metal‘lattice.' The continuous streaks in the <111> direction is
'further evidence of the faulted nature of the zeta phase. The -diffrac—~
tion pattern of Figure 6d shows the maxima at /4[111], /2[111].;. .
/4[111]“along the <lll> relrods normal to the (111) faults seen in the

bright and dark field images of Figure 6a-c. The absence of one plane of

carbon in every four and the subsequent shear of the overlying Ta(lll)
plane giving an intr1n51c fault, w111, over sufflciently long dlstances,
perturb'the {111} periodicity, resulting in a two-phase fcc—hcp
mixture;‘.i,e. the zeta phase. The composition in these'regions‘willh

ideally be TaC 1f every fourth carbon layer is vacant.

0.75
B' Faulting and the Relation Between Structures
On the basis of the results discussed above the follow1ng model

is. proposed which explains the formation‘of-stacklng faults and shows

‘their relationship to zeta—Ta4 3 and Taéc.
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‘Figure 3 seows that 1ntr1nsie and exerinsie stacking faults
bounded by Shockley partlals of the type /6<12l>are present’ln sub-"
s;diChiometric TaC. The staéking sequence Qf”{lll} planes in TaC
.canlbe de31gnated as follows: - | | | |
.AYBaCBAyBaCBAY
where ABC»represent'metal atoms and qBYecarbon atoms in the corresponding

octahedral interstices. The suggested configuration(l3)

for a stacking
vfault'in the‘stoichiometricicarbide 15 '
| | AyBaCBAyBYAYBa

which requires a shear_dn bOth adjoining earbon'ahd metal layers to give
a dislocation»exfended normal to its slip plane. The,simpler”tYPe of
fault_requiting.only e single shear of the meta1 such;es'oceurs in
FCC: metals cannot occuf, becaﬁse*fhe presepce-of.catbon.layers prevents
sueh shearing. |

In substoiehiometiic TaC a number of-these‘carbon-sitesewill be
veeant and'a simplevshear in a 121> direction;.analogous to_that in
FCC metals can take place. The stacking sequence wouid.then-be:

AyBaCBAYBtAyBaCB

which gives an intrinsic fault. Exactly the same stacklng.fault ceg
'pe arrived at by the removal of a carboﬁ}leyer from tﬁe fault in the
stoichiometric compodnd: as.pointed out by Martin et alzw However, we
believe tﬁet the removal of a carbon layer'folleﬁed by a,siméle shear
of thée metal leYefs above and beloﬁ it, is_the'Besie mechanisﬁvin which

. all stoiehiometry changes_are eccomodated in thevTa—C syetem for carbon



This metal atom stacking is exactly that given by Yvon and Parth

-

‘to metal ratios below 0 8 and thIOugh which all the observed tantalum

carbide structures can be constructed.

'An extrinsic stacking fault can only form if'carbon removal and

‘metal layer shearing takes place on two successive metal-carbon layers:

AYBac B A yalal CBAYBa

Regular rem0vcl of carbon atoms followed by shearing eVery'fourth

‘layer gives the following séquence:

AYB%AdecBAW{v'cBAyBac%Byca

(12 )
for the Efphase-carbides and the composition corresponds to,Ta4 3, With
ca:bon atoms o;déred as shown in the:abcve_scheme.- From their difftac{
tion data YVOp and Parthé could not distinguish whetﬁet or not the
carbon atoms were otdéred, bct_the abbve‘interpretaticn is supportcd by

the electron microscopé images of £. It is also ‘evident why the ¢ cell

~ repeats eVery 12 metal layers, since this is the minimum distance

necessary for the removal of an @, B and a Y carbon layer concurrently.

(16)

Iazckhas the C6 structure which is a derivative of the anti

NiAs sttucture (A YBYAYBY ) with every other carbon layer removed.

- This structure can be produced\from“the.NaCl structure by'an'operation '

of the basic mechanism. of carbon removal and shear, on every other pair
of metal-carbon ayers:’ ' _
AYBoCB ...—»AYB 1 AYB AYB t

AyntAthAaBt“....
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.jhis modelvclearly shows the close relatién which exiSts betwéen_carbon
‘vacanéies; stécking faults and the‘variOus.carbide phases. When the
faglting is:periodiCjavrange of structures of diffefent compositibns
. become péssible. The'reguiar.a*/4<iil>»fauitiﬁg accouﬁts for the zeta
phéée-at'Ta4C3 bUF;deviations from this composition wiil.obviously
occur if fhe.periodicitY‘of faulting chahges.frém this l/lu<l~ll>-se--
.queﬁge;-:ThiSlwéuld account for the.difficultieé in interpfétatioﬁ of
the x—ray-&ata-of Yvon and Parthé (;2), and also iéAa,feasonablé'_‘

“explanation for the co-existence of several phases within a given

composition range.
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FIGURE CAPTIONS

Fig. 1.: Transmission electrdn diffraction patterns of (a) Tac0.81*~(211)
pole (b) TaCy ,4, (110) pole. Annealed 200 hils. at 750°C. The |
'streaks,in.[lll] and éplit'spots in (b) éfe due to {111} stacking :

: faults,'(IOb‘kv). |

vFig.-Z; Disc shaped stacking faults in TaC0;78.V When the faults are’
out.of'contrast (a) the bounding dislocations are in contrast, and
vice-versa in (b) indicéting that they are the 8/6<211> Shoékley
type. (100kv).- Note residual fault contrast in (a);

vFig. 3. 1Images of stacking faults iﬁ TaCy 4 under differen; diffract-
ing conditions. 3(b) and (c) illustrate the strucﬁure'factor con-
trast,seeﬁ when the phase contrast a=2mg.R is'zéro..The dark fiela
micrograph, (d) shows intrinsic and extrinsié"faultsvon (111) and
(111). (100 kv). |

Figf-&. Examples of -faults.witn probable (112) haBit (A),_exiéting with
the principal faults on {111}. Foil orientation near (110) g = <200>--'
(650 kv). h |

Fig. 5. Coexistence of zeta phase (A), individual stacking_faults (B}
and fault-free tantaium carbidé, in a sample of overali compositibn.
‘rac0.73, (1ookv);. |
Fig. 6; Zeta phase Ta4C3, (211) tantalum ca:bide pole, (a) bright-
field (b) matrix dark fiel&_(lii) (c) dark field:image Qéing fhe

extra reflection at (1/2 1/2 1/2). (d) diffraction pattern. (100 kv).
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