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The structures of the three m-carbides NigMo,C, CosMosC, and CosMogC,, prepared by a new
synthetic route, have been determined by Rietveld analyses of monochromatic neutron powder
diffraction data. All three materials share the n-carbide structure-type with space group Fd3m (No.
227) and a = 10.8932(3) A, & = 10.8998(2) A, and ¢ = 11.0709(3) A, respectively. In the n-12 carbides,
NigMoeC and CogMogC, the carbon atoms are exclusively located on the 00 0 (8a) sites, the 1/8 1/8 1/8
(16¢) sites being vacant. In the n-6 carbide, CoMosC,, on the other hand the 16¢ sites are completely
filled while the 8a sites are vacant. These studies both demonstrate that the compound precursor
synthesis route used here yields high-quality, homogeneous materials and provide precise structural
details for the »-12 and 7-6 carbide phases. The differences between these two structures are
discussed. The complete absence of solid solubility between the m-12 and -6 phases is considered to
reflect the limited separation of only 2.4 A between the 8a and 16¢ carbon atom sites. The Mo : Co ratio
of the n-6 phase is observed to be slightly greater than 1.0, with a refined formula Cos g70,Moq 132,C-.
reflecting partial Mo occupancy of the Co2(16d) site. Overall sample stoichiometry (Mo : Co = 1.00) is

maintained by the presence of Co;Mo.

Introduction

The ternary phase diagrams for the M'
(M' = Fe, Ni, or Co)-M" (M" = Mo or
W)-C systems exhibit a wealth of discrete
phases (/). The n-carbides, M{MY{C,,, n = 1
(n-12), 2 (m-6), or 3 (n-4), in common with
other interstitial transition metal carbides
(2) are very hard and have high melting
points. (In our notation an n—n phase has a
metal to carbon atom ratio of n.) Structural
data on carbides (and nitrides) based on
TeX (X = C or N) octahedra were summa-
rized in 1965 by Parthe et al. (3). The n-car-
bides can be described by the general for-
mula MEMIMSX X2 where (Mf=Mo, W; M4
= Mo, W, Fe, Co, Ni; M° = Fe, Co, Ni;
and n, m = 2, 1; 2, 0; or 0, 1. The super-
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script letters are those of the Wyckoff no-
tation for the respective crystallographic
sites—see below). The structures of the
n-carbides are of the E9; (or filled Ti,Ni)
type and adopt space group symmetry
Fd3m (No. 227). The origin is by conven-
tion chosen at the position of point symme-
try 43m. The metal atoms M', M9, and M¢
adopt the special positions x 0 0 (48f) with x
=0.19, 5/8 5/8 5/8 (16d), and x x x (32¢) with
x = (.83. The interstitial species, X, occupy
the octahedrally coordinated sites 0 0 0 (X*
— 8a) and/or 1/8 1/8 1/8 (X¢ — 16¢). Com-
plete filling of one or both of these intersti-
tial sites gives rise to three possible limiting
compositions. For both sites filled (n = 2, m
= 1), the metal to carbon atom ratio is 4,
the phases being termed n-4. NbgZn,C; is

296



STRUCTURES OF r-CARBIDES

apparently an example of an n-4 carbide
phase (4). The 1-6 and m-12 phases have,
respectively, completely filled 16¢c (n = 2,
m = Q) or 8a sites (n = 0, m = 1).

The compositions observed for the n-car-
bide phases are consistent with carbon
atom occupancy of these interstitial octahe-
dral sites, although direct diffraction evi-
dence is limited. The relatively low scatter-
ing power of carbon makes its location in
the presence of elements of much larger
atomic number difficult in a powder X-
ray diffraction (PXD) experiment. Powder
neutron diffraction (PND) measurements
which provide much better sensitivity to
the carbon atom parameters are therefore
preferred. Powder diffraction studies of the
n-4 phase NbgZn,C; (PXD) (4), the -6
phases W,Co,C (PXD) (5, 6) and W;Fe;C
(PXD) (7, 8), and the 7-12 phase W¢Fe,C
(PND) (9) have been reported (see (3)). The
oxygen-stabilized phases Zr;V;0D, that
share the m-carbide structure have also
been studied by PND (/0). A PND study of
the different but related Nowotny phase
Mo, 3S1;Cy 6 (3) confirmed carbon atom oc-
cupancy of the octahedral interstices in the
structure.

The conventional synthetic route to the
m-carbide phases involves arc-melting com-
binations of the elements, remelting, and
extensive annealing (/). McCandlish and
Polizzotti (/7) have recently described a
new route to the n-phases NigMogC, and
CosMo¢C,, n = 1| and 2, that involves
intimate mixing of the metal components
via a molecular precursor. In the preseni
report we describe the determination of the
structures of three of these phases, Nig
MosC, CosMogC, and CogMogC,, by Riet-
veld analyses of powder neutron diffraction
data.

Experimental
Synthesis of the n-Carbide Phases

The m-carbide phases were produced by
two-stage reaction of the nickel or cobalt
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trisethylenediamine molybdates, M(en);
MoQ,, using methods described earlier
(11). The molybdate salts were first heated
from 25°C to 650°C in a flowing mixture of
He and H, to produce precursors of inter-
mediate structures in which the transition
metal atoms presumably remain intimately
mixed on an atomic level. These precursor
materials were subsequently converted to
the desired products by reaction at 1000°C
in flowing CO/CO; gas mixtures of appro-
priate carbon activities. The intimate mix-
ing of the metal components in the precur-
sor circumvents the kinetic barrier (to the
formation of the thermodynamically most-
stable product) that can be problematic in
the conventional synthesis procedures.
Chemical precursors have been used in the
synthesis of a range of refractory mixed-
transition metal oxides (/2-/4). The spe-
cific details of the syntheses of NigMocC,
CocMoeC, and CogMogC» were given earlier
(11). The procedures have excellent re-
producibility and to produce sufficient ma-
terial for the powder neutron diffraction
experiments a series of 2 g lots of each
material was prepared using identical con-
ditions. The separate lots were then com-
bined to yield approximately i0 g of each
n-carbide phase. PXD scans of both »-12
materials showed only lines that could be
indexed on the basis of face-centered cubic
unit cells with the least-squares optimized
lattice constants given in Table 1. Silicon
was used as an internal standard. A detailed
examination of the PXD pattern of the »-6
material, CogMosC,, revealed traces of a
second phase, CosMo (see below).

Powder Neutron Diffraction
Measurements

Approximately 5 g of each material
was loaded into a 7/16-in. inside diameter,
0.005-in. walled vanadium can with alumi-
num end caps. The powder neutron diffrac-
tion data were collected at ambient tempera-
ture (298(5) K) on the powder diffractometer
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TABLE 1

FinaL OVERALL PARAMETERS WITH ESTIMATED STANDARD DEVIATIONS
IN PARENTHESES

NigMo,C CogMosC CogMo,C,
a A (PXD)“ 10.8911(3) 10.9021(3) 11.0720(3)
a A (PNI?) 10.8932(3) 10.8998(2) 11.0709(3)
Volume A* . 1292.6(1) 1294.9(1) 1356.9(1)
a (Aluminum) A — 4.065(1) 4.057(1)
Half-width parameters® (deg?)
U 0.84(2) 0.87(2) 0.93(3)
vV -0.77(3) ~0.81(3) —0.83(3)
w 0.36(1) 0.46(1) 0.44(1)
Zero point error (deg) —0.143(2) —0.033(2) —0.019(2)
Asymmetry parameter 0.23(3) 0.16(2) 0.17(1)
v 0.245(7) 0.237(8) 0.229(8)
Number of data points 1010 1010 1010
Number of contributing reflections 84 84[9] 85[9]
Number of atomic variables 8 8 9
Total number of variables 16 18 19
Ry (reflection intensity) 2.04 1.43[1.39] 1.40[1.38]
R, (profile) 3.27 1.95 2.29
R, (weighted profile) 4.30 2.57 2.94
R. (expected) 1.71 1.37 1.53

¢ Least-squares optimized lattice constants based on reflection positions derived in
automatic peak searches of Siemens D500 diffractometer data.

5 The definitions of the half-width parameters, the asymmetry parameter, the
Lorentzian-Gaussian mixing parameter, v, and the various residuals are given in (/6)

and (/7).

¢ Figures in square brackets refer to the minority aluminum component.

equipped with a linear position sensitive
detector at the Missouri University Re-
search Reactor (15). The diffraction profiles
5.0 = 20 = 105.0° were each accumulated
over a total of some 22 hr at four settings of
the detector using a mean incident neutron
wavelength of 1.2891 A selected from the
(220) planes of a Cu monochromator at a
take-off angle of 60.6°. The wavelength was
calibrated using the least-squares optimized
lattice constants of the three carbide phases
determined from the powder X-ray data
(Table I). The full matrix Rietveld re-
finements (/6) were achieved using a locally
modified version of Wiles and Young’s (/7)
DBW3.2 program implemented on a VAX
11/750 computer system. Scattering lengths

of 10.30, 6.95, 6.648, and 2.53 fm (x10 13
m) for Ni, Mo, C, and Co, respectively,
were taken from Koester ef al. (18).

Structure Refinements

NigMo¢C. The powder neutron diffrac-
tion profile of the m-12 phase NigMosC
calculated using atomic coordinates in
space group Fd3m (No. 227) taken from the
work of Leciejewicz (9) gave poor agree-
ment with that observed as a result of a
(typographical) error in the x coordinate of
WI1. Interactive modeling of the FeqWeC
structure indicated the correct value of this
parameter to be approximately —0.07, the
inverse of the published value of 0.07I.
Using the corrected value, the calculated
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TABLE 11

FINAL ATOMIC PARAMETERS FOR THE %-CARBIDE PHASES WITH
ESTIMATED STANDARD DEVIATIONS IN PARENTHESES

Atom  Site  Population® X ¥ z B (AY)
NigMoC
Nil 32e 4.0 0.8333(1) X X 0.33(2)
Ni2 16d 2.0 0.625 0.625 0.625 0.352)
Mol 48t 6.0 0.1970(1) 0.0 0.0 0.45(2)
Cl 8a 1.03(1) 0.0 0.0 0.0 0.40(7)
C2 l6¢ —0.03(1) 0.125 0.125  0.125 4
CoMoC
Col 32e 4.0 0.8326(1) X X 0.41(4)
Co2 16d 2.0 0.625 0.625 0.625 0.38(6)
Mol 48f 6.0 0.1969(1) 0.0 0.0 0.40(1)
Cl 8a 1.012(8) 0.0 0.0 0.0 0.26(5)
C2 16¢ ~0.003(7) 0.125 0.125  0.125 "
CO(,MO(,CI
Col 32e 4.0 0.8319(1) X X 0.36(4)
Co2 16d 2.22(3y 0.625 0.625  0.625  0.48(8)
Mol 48f 6.0 0.1985(1) 0.0 0.0 0.44(1)
Cl 8a 0.008(5) 0.0 0.0 0.0 0.35(3)
C2 16¢ 2.03(1) 0.125 0.125 0.125 ”

“ Population parameters, P, are expressed in terms of the formula
MMoC,. Conventional site occupancy factors can be calculated as
8 x P divided by the respective site multiplicities given in column 2.

® When the Co2 occupancy was fixed at 2.0, the residuals were
significantly worse and the temperature factor for Co2 was unac-
ceptably low (B = 0.04(6)). The difference in the site occupancy
from 2.0 reflects partial occupancy of the Co2 site by Mo (see text).
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diffraction profile immediately gave rea-
sonable agreement with that observed.
The Rietveld refinements then converged
smoothly to the parameters given in Tables
I and II. The refinements indicated the Cl
(8a) site to be fully occupied. The C2 (16¢)
site, on the other hand, was found to be
vacant. The occupancy of this site was
included as a variable in the final re-
finements (Table 1) to indicate the preci-
sion with which the present analysis de-
scribes the complete partitioning of the
carbon atoms on the 8a sites. The final
observed and calculated profiles are shown
in Fig. 1. Selected separations and angles
are listed in Tables III and IV.

CosMoeC and CogMogC,. The results of

the NigMogC structure analysis were used
as starting values for refinement of the
structures of the 7-12 phase, CosMoyC, and
the n-6 phase, CogMo0sC>. Small contribu-
tions from the aluminum end caps of the
sample cans were observed in the diffrac-
tion profiles of both materials. The relative
scale factor and unit cell constant of the
aluminum component were therefore in-
cluded in final biphasic refinements. For the
1-6 phase, CogMo¢C,, the occupancies of
the Co®, CoY, and Mof metal atom sites
were initially constrained to those expected
on the basis of this ideal composition. The
temperature factor of the M9 or Co2 site,
however, converged to an unrealistically
low value (Table II footnote). When al-
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FiG. 1. Final observed (@), calculated (continuous
line connecting computed data points), and difference
(lower same scale) powder neutron diffraction profiles
for the n-12 phase NigMocC. The positions of the
contributing reflections are indicated by the vertical
bars. The background has not been subtracted from
the data and the calculated profile at each point
includes an estimated background derived by linear
interpolation between the small set of input values.
The maximum observed count is 54,500.

TABLE 111

SEPARATIONS (A) WITH ESTIMATED STANDARD
DEVIATIONS IN PARENTHESES

NigMoC CogMosC CogMoeC,
M1e=SpM17 2.565(1) 2.546(3) 2.565(3)
—SIpM2 2.358(1) 2.355(1) 2.388(1)
—"Mol 2.590(1) 2.601(1) 2.653(1)
—Mol 2.715(1) 2.719(2) 2.749(2)
M2-*Mol 2.732(1) 2.735(1) 2.766(1)
Mol-"Mol 2.843(1) 2.845(1) 2.883(1)
—*Mol 3.036(2) 3.036(1) 3.107(1)
M1-Cl 3.146(1) 3.161(1) [3.223(1))¢
-C2 [3.242(1)] [3.254(1)] 3.314(1)
Mol-C1 2.146(1) 2.147(1) [2.197(1)]
-C2 [2.079(1)] [2.080(1)] 2.119(1)
[C1-C2 2.358 2.360 2.397 |

“M = Nior Co; M1, M2, and Mol occupy the 32¢,
16d, and 48f sites, respectively.

* The superscript number preceding each atom label
(where absent read 1) is the number of the symmetry
operator that has been applied (22). For numbers N,
48 < N < 97, the centering operation (0, 1/2, 1/2) has
also been applied.

¢ The square brackets indicate distances to sites that
are not occupied in the material in question.
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F1G. 2. Final observed, calculated, and difference
profiles for the n-12 phase CogMo4C (legend as for Fig.
1). The upper and lower reflection bars indicate the
positions of the contributing reflections from the »-12
phase (lower) and from the minor aluminum com-
ponent (upper). The maximum observed count is
38,200.

lowed to vary, the residuals were signifi-
cantly improved and the occupancy con-
verged to 2.22(3). This value apparently
indicates 6.3% occupancy of the M¢, Co2
site by molybdenum (see below). The final
parameters for the CogMosC and CogMosC
phases are given in Tables I and II. The
corresponding observed and calculated
profiles are displayed in Figs. 2 and 3.
Selected separations and angles are given in
Tables III and IV.
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Fi1G. 3. Final observed, calculated, and difference
profiles for the -6 phase CosMosC, (legend as for
Figs. 2 and 1). The maximum observed count is
24,600.
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TABLE IV

SELECTED ANGLES (°) WITH ESTIMATED STANDARD DEVIATIONS
IN PARENTHESES®

NigMogC CogMo,C CogMo,C,
Angles about Mol
Mol-Mol-"*Mol 106.68(4) 106.71(2) 106.25(2)
—“Mol 57.73(3) 57.76(1) 57.39(2)
—*Mol 145.17(2) 145.18(1) 144.96(1)
“Mo1-'"Mol-"*Mol 110.34(3) 110.37(2) 109.93(2)
Angles about C2°
OM-1C2-9M1 75.21(1) 75.03(3) 74.87(3)
~'Mol 52.92(1) 52.98(3) 53.09(2)
—*Mol 56.39(4) 56.26(3) 55.69(3)
—Mol 123.61(4) 123.74(3) 124.31(3)
-"Mol 127.08(1) 127.02(3) 126.91(2)
-'C1 66.17(1) 66.33(2) 66.48(2)
'Mol-'C2-*Mol 93.75(5) 93.7H2) 94.29(3)
~"“Mol 86.25(5) 86.29(2) 85.71(3)
-'C1 57.44(3) 57.41(2) 57.83(2)

“ Atom lettering follows the same convention as Table 11I.
» Comparable angles about CI (that are fixed by symmetry) are
'M1-'C1-"Mol 125.26°. 'M1-'C1-"Mol 54.74°, and 'M1-'C1-*C2

70.53°.

Results and Discussion

The structures of the n-carbides are com-
plicated and somewhat difficult to visualize
(see Figs. 4—6). The structure is based on
that of diamond. A M{ octahedron is cen-
tered on each 8a interstitial carbon atom
site, these sites coinciding with the lattice
points of the diamond structure. Four addi-
tional M! octahedra, arranged tetrahe-
drally. are joined to this central octahedron
in a face-shared manner. The second set of
interstitial carbon atom sites, 16¢, occurs at
the centers of these four additional octahe-
dra. This combined M! unit defines one of
the two interpenetrating metal substruc-
tures, that adopted by Mo in the phases dis-
cussed here (Fig. 4). The second metal
substructure consists of M tetrahedra cen-
tered on the 1/2 1/2 1/2 (8b) sites which
define a second diamond lattice (that is
displaced from the first by 1/2 1/2 1/2). The
four faces of these tetrahedra are capped by

the M¢ metal atoms which are shared be-
tween adjacent Mj tetrahedra. This combi-
nation of M$ tetrahedra and capping M
species thus form stellae quadrangula
(19) (Fig. 5). The two interpenetrating (and
bonded) metal atom substructures (Fig. 6)
have been viewed in terms of the periodic
minimal surfaces (20).

The agreements between the final calcu-
lated PND profiles and those observed are

F1G. 4. Stereoview of a portion of the Mo', C*, C¢
(filled circles, site not populated in the %-12 phase)
substructure of the n-12 phase NigMo,C.
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Fi1G. S. Stereoview of a portion of the Ni¢ (central
tetrahedra) and Ni¢ (capping atoms) substructure of
the n-12 phase NiMo4C.

excellent (Figs. 1-3), demonstrating graphi-
cally that the molecular precursor route
yields high-quality materials with excellent
homogeneity. The present results provide
the most precise data available to date on
the structures of n-carbide phases. The two
7n-12 phases NigMocC and CosMo¢C are
similar (Tables I-IV) indicating that the
change in the MY and M° species has only
subtle effects on the structure. Comparing
the 7-12 and 7-6 phases in the Co-Mo
system, however, shows that the increased
carbon atom population results in a length-
ening of all metal-metal bonds and a cor-
responding increase in the cubic unit cell
edge.

The present results provide insight into
the structural basis for the observed phase
diagrams (/). The conventional synthetic
procedures used by Fraker and Stadelmeier
(1) to define the 1000°C isothermal phase
diagram (arc melting, remelting, annealing

F1G. 6. Stereoview showing the Ni¢, Ni¢, and Mo’
substructures combined.
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at 1250°C for 20 hr and, finally, annealing at
1000 = 10°C for 150 hr) could potentially
permit phases stable in the melt to persist
as metastable phases in the solid after these
moderate annealing conditions. The new
synthesis route (//) affords the equilibrium
phases directly, and the observed phase
behavior is consistent with the earlier re-
sults (/). The Co/Mo composition range for
pure 1-6 phases, for example, extends from
approximately 24.5% Co (=C03.94M0g g¢) tO
45.5% Co (=Co0s.45Mog.s4) (1). The compo-
sition derived from the present diffraction
results for the -6 phase, Cosg72M0g 132,Ca
(Table II), is slightly more cobalt-rich than
this upper limit, but still less than the ideal
ratio 1 : 1. The manner in which the Co: Mo
compositional variability is accommodated
in the m-carbide structure is found to be
molybdenum substitution at the M¢, Co2
site, consistent with the earlier PXD results
of Kiessling (6) for the similar phase
W4C02C.

The published phase diagram indicates
that the range of Co—Mo compositions over
which the n-6 phase forms occurs at a
constant atomic percentage of carbon (/).
This range of Co : Mo compositions reflects
varying Co: Mo (or Co: W (6)) population
of the M9 sites that comprise the stellae
quadrangula. The composition of the first
coordination shell of the interstitital carbon
atoms (the M£ octahedra) is invariant. In-
terestingly, in the Ni—-Mo system the car-
bon content of the m-6 phase apparently
varies with Ni: Mo ratio (/). This suggests
that the compositional variability may be
accommodated by a different metal atom
distribution, possibly involving the M’
sites. The structures of these Ni-Mo 7-6
phases will thus be of some interest.

In the present syntheses the starting ma-
terials had Co : Mo (Ni : Mo) ratios of 1.000,
as confirmed by the structure results for the
n-12 phases. The slight molybdenum ex-
cess in the m-6 phase thus implies the
presence of a second, molybdenum-poor
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phase. An extended scan of the PXD profile
revealed weak peaks at d = 2.223 A and d
= 2.065 A, with approximately equal peak
intensities of 0.2% that of the adjacent
333/115 peak of the n-6 phase. These are
indexed as the 200 and 002 reflections from
Cos;Mo (described as hexagonal, P6:/mmc;
a=5.13 A, c =4.11 A (2])). No significant
intensity was observed at d = 1.901 A, the
position of the most intense peak (101) in
the PXD pattern of «-Co.

The 7-6 and n-12 phases show no solid
solubility. That is, in the Co-Mo and
Ni—-Mo systems the 8a and the 16¢ intersti-
tial carbon atom sites are not occupied
simultaneously. This is not unexpected in
light of the limited separation of ~2.4 A
(Table III) between these two positions
which might be expected to make joint
occupancy energetically unfavorable. In
the Nb-Zn system, however, the =-4
phase, NbgZn,Cs, has been observed (4) in
which both 8a and 16c¢ sites are apparently
fully occupied.

The phase diagrams and structures of the
n-carbide materials thus continue to pose
several interesting questions, particularly
with respect to their stability fields and
local electronic structures. For example,
the Co—Mo or Ni—-Mo composition ranges
over which the 7-12 phases form are lim-
ited. Inspection (for example in terms of
electron count) of the combinations of ele-
ments that form these phases does not
provide immediate insight into these ques-
tions. It is, therefore, likely that an ade-
quate rationalization of the observed com-
positional fields and chemical properties
will be provided only by detailed band
structure calculations. It will also be inter-
esting to examine the interaction of these
materials with hydrogen. Structural studies
of the Zr;V;0D, system (/0) that shares the
n-carbide structure-type demonstrate that
several interstitial sites (coordinated by Zr
and V) can be occupied by hydrogen, sug-
gesting that hydrogen population of similar
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interstitial sites may be possible also in the
Co-Mo and Ni—Mo 7-carbide structures.
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