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Two series of solid salutions, Ho,_,La,C, and Nd,_,LaC;, have been made and their X-ray unit cell
parameters measured. The Ho,_,La,C, series contains two tetragonal phases and a cubic solid solution
series which has enabled the reaction rate coastants for the water hydrolysis reaction of a cubic
dicarbide phase to be determined for the first time. By comparing the linear rate constants and the
activation encrgies across the two series the nature ol bonding in general and the structure of the
cubic phase are elucidated. A comparison with microhardness data is made and the change in M-C,

bonding as a function of composition is considered.

Introduction

J. S. Anderson et al. (1) developed the
mild hydrolysis technique as an aid to struc-
turaf and nonstoichiometric studies of lan-
thanide and actinide carbides and they were
able to show the possibilities of isomor-
phous reptacement of 02~ ions by C3~ions in
vare carth oxides (2). Hydrocarbon product
distribution arising from the primary reac-
tions set out in Eqs. [1], [2], and |3] was the
key to the work but at the time no consider-
ation was given to the kinetics of the reac-
tion. Recently (3, 4), the kinetics of both
water vapor and water reactions of the di-
carbides have been measured while endeav-
ouring to remain within the “‘mild condi-
tions’” defined by Anderson et al. (I), and
the data have been considered in the light
of possible solid state bonding models in
these hard, refractory compounds which ex-
hibit efements of covalent, ionic, and metal-
lic bonding.

The lanthanide dicarbides are all polymor-
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phic, having a high temperature cubic phase
which transforms to a tetragonal form on
cooling below 1000-1500°C, depending on
the system studied. Attempts to quench the
cubic phase to room lemperature {3}, or oth-
erwise stabilize it (2), by Anderson and co-
workers were nol successful. Later this was
achieved by forming solid solutions between
LnCy and Ln'C, carbides that had a greater
than critical cell volume size difference (6,
7). This paper reports resulls obtained for
some cubic dicarbides, the necessary inves-
tigations of whichJ. S. Anderson washimself
responsible for setting in progress, but which
1ook many vears to eventually complete; the
kinetics of hydrolysis of cubic dicarbide
phases is reported for the first time. Data on
the products of hydrolysis and the rates of
hydrolysis of LaC,~HoC,; and LaC,~NdC,
solid solutions are reported for both cubic
and tetragonal phases and are discussed in
the light of results in our earlier publications
(3, 4).

In order to conform to the strict definition
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of mild hydrolysis the reactions stated as
Eqs. [2] and {3] should be studied using wa-
ter vapor as the reagent at temperatures be-
low 40°C; but while this gives the hydrocar-
bon product distribution characteristic of
the CX~ species present in the solid, the rate-
limiting step is the surface concentration of
H,O, which makes kinetic parameter evalu-
ation of limited value (3). Hence the kinetic
parameters were found by immersing small
arc-melted beads in water and using an
evolved gas manometric method to measure
the reaction rate. First, several measure-
ments on a series of solid solutions had to
be obtained to show that the secondary reac-
tions, Eq. [3], removed a relatively constant
volume of the primary product gases.

Correlation between x-ray unit cell vol-
umes, hardness, and the linear reaction rate
constant were observed and an increased
reactivity of the cubic phase compared to
tetragonal polymorphs was deduced. These
investigations do help somewhat toward
solving the question of the structure of the
cubic phase.

It has been suggested that the high tem-
perature polymorph becomes cubic due to
rotation of the C2~ anions along the (111}
crystallographic directions of the unit cell
as opposed to parallel alignment along the
c-axis direction as in the tetragonal phase.

The hydrolysis reactions are summarized
as

MUC, 4+ 3H,0 = M(OH), + C,H, + $H,
[1]

MYC, + 4H,0 = M(OH), + C,H, + H,.
[2]
Several reactions responsible for removing

hydrogen and actylene from the product
mixture are given as

CH, + H,=CH,

C,H, + 2H, = C,H,

2C,H, + H, = C,Hg
n C,H, = solid wax. [3]

Experimental

The dicarbides were prepared and charac-
terized as described previously (7) and from
these the dicarbide solid solutions, Ln,_,
LnlC,; were prepared and characterized as
described in (3).

An all-glass water-manometer system
which was a modified version of that shown
in Ref. (8) was used. The double-walled ma-
nometer and reaction vessel were main-
tained at a constant temperature by pumping
water around the hollow walls using a Shan-
don constant temperature circulator. As the
reaction proceeded the increased pressure
in the apparatus from the C,H, and H, was
observed as a depression of the water level
in the manometer side arm by using a cathet-
ometer with cross-wires focused on the wa-
ter meniscus. A typical experiment involved
sealing a small arc-melted bead of 25 mg
mass, together with an iron rod, in an evacu-
ated Pyrex glass bulb. This bulb was sus-
pended within the hollow glass vacuum tap
at the top of the reaction tube by a magnet
at the outside. The reaction tube containing
the water and manometer was then evacu-
ated and allowed to come to equilibrium,
which usually took about 2 hr. After equili-
bration the magnet was removed, the bulb
fell into the reaction vessel and broke, and
hydrolysis began. From this point the in-
crease in the water ievel was noted. Speci-
men temperatures were maintained by im-
mersing the reaction tube in a water bath
maintained at the required temperature. Be-
fore sealing each bead was weighed and the
dimensions were determined using a mi-
crometer and a microscope with a scale eye-
piece.

The rate data were obtained as a height
decrease in the water column with time for
unit surface area: “‘cm’’ cm~? min~!. Three
to seven runs per sample were done in order
to obtain the average values quoted in the
results. The maximum deviation was gener-
ally found to be within ¥ 15% in a series of
seven samples of each dicarbide. Where a
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TABLE 1

HyDroLYSIS PrODUCTS OBTAINED WHEN DICARBIDE PHASES ARE REACTED AT 293 K WITH WATER VAPOR
AT 11.0 x 10°Nm™?

Product/ Annealed
compound  LagsLugsCy Lag sLuysC; Ceg sErysCy Lag sHoy sC, LaC, NdC,  -HoG,
% cubic cubic cubic cubic tet. tet. tet.
CH, 0.11 0.10 0.03 0.12 0.24 0.11 0.?0
C,H; 5.2 B3 2.7 4.6 6.77 7.27 1..80
C.H, 2.5 22 2.7 2.8 2.54 7.85 534
CH, 92.2 96.5 94.6 92.4 89.5 85.0 92.1
C3H; — — — — 0.14 — —
TABLE II

EXPECTED AND MEASURED GAS VOLUMES AT 293 K FOR THE REACTION OF DICARBIDE SOLID SOLUTIONS
WITH WATER

Observed Vol. Expected Vol.
VD VE

Sample Structure {cmb) (em?) V,/V,
Lug gsLag asCy cubic 2.2 4.2 0.52
Lug, Lay oC, " 1.3 2.6 0.50
Lug sLag «C, " 3.3 6.4 0.52
Gdg 4Ere:Cs tet. 2.3 47 0.49
Gy Ery.sCs " 1.7 1.6 0.49
Gdy ¢Ero Cs " 2.4 4.5 0.53
GdgEry C, " 1.9 19 0.48
Cep spLug sC, cubic 2.2 4.5 0.49
Ndg oL sCy " 2.3 4.4 0.53
Hoy spLag sC; ! 2.7 5.2 0.52

rate constant in a series of experiments was
found to be beyond the = 15% deviation an
obvious experimental anomaly was ob-
served; for example, beads cracking open
during the experiment to reveal fresh sur-
faces or a shiny impervious wax appearing
as a surface layer. These results were then
ignored in subsequent considerations.

Linear reaction kinetics were almost uni-
versally observed, at least for the first 20
min, which was the usual time interval over
which the pressure rise was followed. Be-
yond 40 min the bead began to suffer sub-
stantial reduction in surface area which
would of course influence the rate of gas
evolution,

Results and Discussion

Although this paper concentrates on data
obtained while studying the Ho,_,La C, se-
ries of solid solutions, chosen because nei-
ther Ho nor La was expected to be present
in oxidation states other than III, and the
series from x = 0 to 1.0 encompasses cubic
phases when (.30 < x < 0.75, the distribu-
tion of hydrocarbon products for the cubic
phase in truly mild conditions was exam-
ined. Table I indicates that, compared to,the
tetragonal precursor phases, the surfaces of
the cubic carbides are less catalytic or less
metallic; thus more acetylene is unreduced.
Shorter C-C lengths in the solid would also
lead to an expeciation of greater acetylene
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their mass.
TABLE IH
LATTICE PARAMETERS OF Ho,_ La,C, SoLID SOLUTIONS
Lattice parameters
Volume per
Compaosition 7 c Cell volume metal atom

X {(nm nm) (nm’ {nm*)

0 0.3878, 0.6562, 0987, 0493,
10 0.3873, 0.6515, 0977, L0488,
15 0.3854, 0.6492, 09648 04824
25 0.3816 0.64761 {09435 04718
30 0.3775; 0.6469, 09219 04610
33 0.5301 — 19520 {04380
40 0.57144 —_ .18650 .04660
48 0.5683, — 18360 {04590
50 0.5678, — .18310 04578
55 0.5652; — .18060 04510
60 0.56449 — 17950 104498
62 0.5637, — 17913 04478
70 0.5610, — 17660 04415
74 0.5607, — 17630 204410
78 0.3683, 0.6192, 08369 04200
80 0.3679, 0.6182, 08367 04183
85 0.3670, 0.6171, 08313 04156
90 0.36544 06113, 08163 .04081
100 0.3626; 0.6098, .08022 04011
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egvolution. Since water, not water vapor,
was to be the reagent several dicarbide solid
solutions were tested to see the effect this
change in the conditions had. The gas vol-
ume expected from Eqs. [1] and [2] was
compared to the final volume of gas obtained
after the sample had been compictely re-
acted and these results are shown in Table
11; the V /V_ ratio is quite constant and the
average value of 0.51 is the same as that
found for the trivalent dicarbides in (4}. For
comparison purposes the observed linear
rate constants, K, , were multiplied by the
factor 0.51/V,/V Jobs.

Each arc-melted bead made for examina-
tion had a very smooth shiny metallic sur-
face with a shape such that the diameter of
the base was always smaller than the height,
indicating that each bead was something be-
tween a hemisphere and a sphere. Microme-
ter gauge measurements made on each bead

in an argon-filled dry box were used to deter-
mine the surface area from the formula: sur-
face area = 3 r* + 2 rh, where h is equal to
(H — 1), where H was the height of the bead
and r was the radius of the base of the bead.
The relationship between the mass of the
bead, in the range used for this work, and
the estimated surface area, Fig. 1, gives an
indication that the surface area estimation
process was consistent and relatively accu-
rate. Clearly, from Fig. 1 and the constancy
of V. /V,, reasonable confidence can be
placed in the observed rate constant data as
a function of composition.

Some lattice parameter values are given
in Table I from which the unit cell volumes
were calculated and from which the volume
per metal atom in the body centered tetrago-
nal or face centered cubic unit cells was
calculated.

When the X-ray results are presented as
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the volume per metal atom in the unit cell,
Fig. 2, several features emerge which may
bear on the subsequent hydrolysis rate data.
First when the system is considered as hav-
ing the small volume dicarbide, HoC,, as a
solvent for the large cell dicarbide, LaC,, a
normal solution is implied as the volume
increases linearly up to 24% of Ho replace-
ment by La. As Fig. 3 shows, this is true
as far as the g, b axis expansion is concerned
but not for the ¢ direction, along which the
C3™ dipoles are aligned in the tetragonal
structure. The ¢ axis expansion appears
somewhat erratic with a larger expansion
occurring between 10% and 15% substitu-
tion of Ho. One explanation for this could
be an increase in the C-C distance along
the ¢ direction and such an increase can
be associated with an increase in electron

density in the C§~ — p¥* antibonding levels.
It is these orbitals that are involved in M-C,
covalent bonding. Thus an increase in C-C
bond length would imply an increase in
M-C; bonding from this covalent compo-
nent and from an increase in the ionic com-
ponent of bonding as n in C3~ is raised by
the localization of more metal orbital den-
sity on the C3~ dipole.

Returning to Fig. 2, the increase in vol-
ume per metal atom is very sharp near the
phase change. This situation is expected if
the C4~ dipoles become disordered along
the (111} directions of the cubic unit cell,
where the C—C axis will be directed between
metal atoms on octahedral sites. This ran-
dom structure would then have decreased
M-C, overlap with a weakening of the M-C,
bonding and a decreased C-C distance as
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less electron density occurs in the antibond-
ing levels. Increased hydrolysis reactivity
might then be expected with a higher per-
centage of acetylene. Then with no pre-
ferred overlap direction, as more Ho is re-
placed by La there is a linear increase in
atomic volume through most of the cubic
phase as seen in Fig. 2. The linearity is
sharply lost close to the cubic—tetragonal
phase boundary, which mirrors the situation
atthe first phase boundary. When the volume
per atom diagram, Fig. 2, is viewed from the
larger cell volume carbide, LaC, acting as
solvent for HoC,, the solution looks far from
ideal. The smaller diameter of Ho** initially
leads to poorer metal-C, overlap with less
electron density in the 2p¥ levels and shorter
C-C distances. However, the overall effect
is masked by the La-C, interactions provid-
ing the skeleton of the structure. Initially the
a, b parameters show only a small decrease
in size, Fig. 3, while the ¢ axis shows a more

marked linear decrease up to 17% replace-
ment. The ¢ axis decrease arises from the
C-C bond length decrease as less metal or-
bital 2p interaction populates the antibond-
inglevel. Atabout 30% replacement the sud-
denincrease in volume per metal atom in the
structureisinaccord witha{i11)random ori-
entation of C5~ dipoles each with reduced
M-C, bond strength.

The hydrolysis data can be tentatively in-
terpreted in terms of this model, where
weaker M-C, bonding and shorter C§~,
C-C distances emerge as solid solution pro-
ceeds with a prospective increase in reactiv-
ity when the cubic phase is encountered.
Figures 4 and 5 demonstrate that linear rate
kinetics apply for about 20 min of observa-
tion for both tetragonal and cubic solid solu-
tions and that rate increases with tempera-
ture within the narrow range that could be
investigated, The variation of rate with tem-
perature enabled Ahrrenius-type plots to be
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made and activation energies to be esti-
mated. Lincar rate constants as a function
of composition are plotted in Fig. 6 for
Ho,_,La,C, alloys; they show that the reac-
tion rate falls in the low La concentration,
tetragonal range. This pattern of behavior
is the mirror image of the volume per atom
plotin Fig. 2 and is interpreted as an increas-
ing M-C, bond strength.

Within the cubic solid-solution range
there is an increase in reaction rate up to
the second tetragonal phase boundary. The
effect of the substitution of the small atom,
Ho, for La is seen to be, from the decreased
K values, a small increase in M-C, bond
strength.

In order to make comparisons a series of
solid solution dicarbides that were tetrago-
nal across the whole composition range
were prepared and examined. This series
was Nd,_,La C, and the linear rate constant
against composition plot is shown as Fig. 7,

where the only crude correlation appears to
be a sharp decrease in K| when the first La
substitution for Nd is made and thereafter
a range of values fluctuating around the
value for LaC,. The reaction rate constants
for the tetragonal solid solutions are always
below the line connecting the parent dicar-
bides. When this test is applied to the Ho, .
La,C, series it can be seen that the linear
rate constants for the cubic solid solutions
are on or above any line connecting LaC,
to HoC, in Fig. 6, which suggests that the
cubic phase is more reactive than the tetrag-
onal phase.

The presence of strain ¢nergy in the te-
tragonal phases, which is believed (9) to
be responsible for depressing the transition
temperature of the cubic to tetragonal trans-
formation, may not contribute to increasing
the rate of reaction. Increased M-C, bond-
ing is the main factor in the decrease.

Both these series of solid solutions have
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been the subject of a microhardness study
(/0) and it is interesting to note that Figs.
4 and 5 in Ref. (¢}, which show microhard-
ness as a function of composition, are al-
most perfect mirror images of Figs. 6 and
7 here for K, vs composition. Thus as La
replaces Ho in HoC, there is a small de-
crease in hardness followed by a sharp rise
to the tetragonal-cubic phase boundary.
Across the cubic phase the hardness de-
creases as more Ho is replaced, reaching a
minimum near to the next cubic—tetragonal
boundary. In a simple way the K; values
are rising as the hardness of the solid is
decreasing and weaker M-C, covalent
bonding arises from the solid solution for-
mation.

The hydrolysis reaction rate increased
with temperature and within the limitations
imposed by few data points, only 4 or 5 per
sample, In K; v I/T plots were linear. The
activation energies shown in Figs., 8 and 9
were obtained from these plots. From the
erratic looking plot it is only possible to
speculate that tetragonal solid solutions
have lowered activation energies, possibly
due to the presence of the strain energy com-
ponent. Some of the confusion in the data
appears in the region of the phase change
boundaries, but in general cubic solid solu-
tions have a significantly higher activation
etiergy for the reaction. This would imply a
changed rate determining step for the cubic
as compared to the tetragonal phases.

With the exception of the Ndg4sl.ag5C,
sample it appears that again substantial de-
creases in activation energy are encoun-
tered when solid solutions in this series un-
dergo hydrolysis. This picture, presented in
Fig. 9, supports the view that a significantly
changed rate controlling step arises from the
randomly oriented C%  dipoles being in-
volved in the hydrolysis reaction of the cu-
bic phases in the Ho, _,La C, series and that

strain energy possibly contributes to the re-
action of the solid solutions.

Summary

Linear reaction rate constants have been
measured for the hydrolysis reaction of two
series of solid solutions. From comparison
of the way the K| values change with com-
position and from activation energy mea-
surements, a different rate controlling step
occurs in the cubic solid solutions compared
to the tetragonal ones. The way in which
unit volume per metal atom and a and ¢ axes
change with composition indicate that the
cubic phase is formed when aligned C5~ di-
poles reorient randomly along the {111} di-
rections.

Reaction rate data and microhardness
measurements are in agreement with predic-
tions concerning the M-C, bonding changes
as metal s—p—-d—forbitals and C5~ 2p* orbit-
als produce a covalent component in the
bonding in these systems.
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