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On the Properties of the Cr,, Sh, Fe .Sb, Co,, Sb,
Ni, ,Sb, Pd,, .Sb, and Pt,. Sh Phases

1+x

ARNE KJEKSHUS and KJELL P. WALSETH

Kjemisk Institutt A, Universitetet i Oslo, Blindern, Oslo 3, Norway

The mono-antimonide phases of chromium, iron, cobalt, nickel,
palladium, and platinum have been studied by means of X-ray
diffraction, density, and metallographic measurements. The results
show that these phases can be characterized by the general formula
T,,.,Sb where T denotes the metal component and x may be positive,
negative, or zero. The extensions of the homogeneity ranges are
appreciably temperature dependent for all phases, but only for
Co,4,8b and Ni,;,,Sb do these regions extend on both sides of 50
atomic %,. The basic, NiAs type crystal structure has been confirmed
for all phases, and the additional (for > 0) and subtractional (for
2z <0) natures of the solid solutions have been verified.

hases with the NiAs type crystal structure are commonly found in the

equiatomic regions of the transition metal systems with the pnigogen
and chalcogen elements (c¢f. Ref. 1). Although these phases often exhibit broad
ranges of homogeneity, their composition regions seldom include the equi-
atomic ratio. The nickel mono-antimonide phase appears to be hitherto the
only definite example of a phase with this structure type, whose composition
range extends on both sides of 50 atomic 9%,.2:® The available data 3% suggest
furthermore that the cobalt mono-antimonide phase provides another example
of this behaviour. In fact, the antimonides form an interesting sub-class of
the phases with this structure type since the transition metal component can
be varied both horizontally (Ti to Ni) and vertically (Ni to Pt) in the Periodic
System. (The symbol 7' is used throughout this paper as a common abbrevi-
ation for the elements (Ti, V,) Cr, (Mn,) Fe, Co, Ni, Pd, and Pt.)

With the exception of the systems Ti-Sb and V-Sb, which have been
studied only since 1950, the first investigations of the other 7-Sb systems
were made at the beginning of this century by thermal analysis and microscopy.
However, despite numerous studies of the Ti, ,Sb5*® V,  Sbh/s6,10-12
Cr,,,Sb,813-29 Mn, Sb,8,13-15,18,20-22,24,26,28-37 Fe, . ,Sb,3,8,14,15,35,38-44
Co ., Sb,3:4,8,14,15,23,28,35,43-48 Ni, , ,Sb,2,3,8,14,15,35,43,44,47-53 Pd,, ,Sb,54-5
and Pt, , ,Sb,®8,60-64 phases the knowledge of the extensions of the homogeneity
ranges is incomplete and often controversial, and their temperature depend-
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PHASES WITH NiAs TYPE STRUCTURE 2623

Fig. 1. Unit cell dimensions versus composition for (a) Cry, ,Sb, (b) Fe, ,Sb, (¢c) Co,,Sb,

(d) Ni,, ,Sb, (e) Pd,,Sb, and (f) Pt,,,Sb. The vertical bars represent the uncertainty

when the calculated error limit exceeds the size of the symbols. The numbers indicated
on the diagrams give the annealing temperatures in °C.

ences are virtually unknown. The main purpose of the present investigation
has been to provide such information. Ti, ,Sb, V, .Sb, and Mn, Sb have
not been studied in any detail since these phases have recently been subjected
to examination %12,37 at this Institute, but some of our preliminary data for
the Mn, ,Sb phase are included for the sake of completeness.

It is hoped that the acquisition of additional information will help to
reduce the amount of pure speculation which has prevailed in the literature
in connection with phases having the NiAs type structure.

EXPERIMENTAL

The pure elements used in this study were 99.999 9% Cr (Koch-Light Laboratories,
Ltd.), 99.99+ 9% Fe, 99.999 % Co, and 99.995 9%, Ni (Johnson, Matthey & Co., Ltd;
turnings from rods), 99.99 9, Pd (L. Light & Co., Litd.), and 99.999 9, Pt and Sb (Johnson,
Matthey & Co., Ltd.). The samples were prepared by heating weighed quantities of the
components in evacuated and sealed silica tubes at temperatures between 850 and 1250°C
for about 20 h. The sintered powders were ground and reannealed over periods ranging
from 3 days to 2 months at fixed temperatures between 240 and 1010°C and finally
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2624 KJEKSHUS AND WALSETH

quenched in ice water without shattering the enclosing silica capsules. One series of
samples from each system was also cooled slowly from 500°C to room temperature over
a period of 2 months.

X-Ray powder photographs of all samples were taken in a Guinier type camera
of 80 mm diameter with monochromatized CuKa,-radiation (A1==1.54050 A) using KCl as
internal standard. The lattice dimensions were refined by applying the method of least
squares to the diffraction data and the indicated error limits correspond to twice the
standard deviations obtained in these calculations. The integrated intensities of the
reflections were measured photometrically. Atomic scattering factors were taken from
International Tables.®®

The density measurements were made pycnometrically at 25.00°C with kerosene as
displacement liquid. To remove gases adsorbed by the sample (weighing ~2 g), the
pycnometer was filled with kerosene under vacuum.

Metallographic specimens were prepared using araldite as mounting material. After
grinding and mechanical polishing (first with a fine grained diamond paste and finally
with levigated alumina), the specimens were etched, imn most cases in aqueous solutions
of HNO; or HNO;+ FeCl;. The microindentation hardness measurements were performed
with a Reichert microhardness tester (No. 1109) used in combination with a Reichert
universal camera microscope (model MeF). Two different loads (42 and 84 g) were used
on the indenter, which was a Vickers pyramid. Several readings (at each load) were taken
across a given section of the specimen and measurements were repeated at different
grinding depths.

RESULTS

(i) Variations of the unit cell dimensions with composition. The unit cell
dimensions of the various 7'; ,Sb phases as functions of compositions are
shown in Fig. la-f. A common feature of the diagrams is that the a-axis de-
creases with increasing content of Sb, whereas the individual composition
dependences of the c-axes for the Cr, ,Sb and Co, ,Sb phases destroy the
general pattern for the latter parameter. The lattice dimensions vary continu-
ously with the composition throughout the homogeneity ranges of all phases.
For the Co, ,Sb and Ni, ,Sb phases, whose homogeneity ranges extend on
both sides of 50 atomic 9,, discontinuous changes in the slopes of the a, c,
V, and c/a versus composition (in atomic 9, Sb) curves are found at the equi-
atomic composition. The latter findings are in accordance with expectation
since a notable structural difference is associated with the change from x<<0
to >0 in the formula 7',  ,Sb (see section iv).

(ii) Homogeneity ranges. The extensions of the homogeneity ranges and
their temperature variations have been determined from the unit cell dimen-
sions of quenched samples (¢f. Fig. 1a—f). An inevitable uncertainty connected
with the results obtained by this method is that it is difficult to obtain
quenching rates high enough to ascertain that quenched samples really reflect
the true thermodynamic equilibrium at the annealing temperature. Consider-
able attention was therefore paid to this problem by the choice of thin-walled
quartz tubes for the capsules, efc., and the internal consistency of the various
sets of data may indicate that the attempts have been successful. The phase
limits (in particular those at the highest temperatures) presented here should
nevertheless be considered as minimum values for the extensions of the
homogeneity ranges.

The composition dependence of the a-axes is used for evaluation of the
phase limits in preference to the corresponding c-axis relationships, since
the former parameter generally shows the larger relative variation of the two
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PHASES WITH NiAs TYPE STRUCTURE 2625

and furthermore carries the narrowest error limits. The method used in these
determinations is clearly illustrated in Fig. 1a—f, where the region of homoge-
neity at a given temperature is defined by that part of the inclined line lying
between points of intersection with the horizontal lines corresponding to the
temperature concerned. The extensions of the homogeneity regions so defined
have been verified by using the same process in respect of the parameters
¢, V, and c/a. The accuracy, which clearly depends on the angles of intersection,
is somewhat less in the latter cases. The overall upper and lower limits
of the homogeneity ranges were confirmed using the disappearing phase
principle on the Guinier photographic data.

The derived dependences of the various homogeneity ranges on temperature
are shown in Fig. 2 in relation to the relevant parts of the liquidus curves
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Fig. 2. Extensions of the homogeneity ranges for the T',,,Sb phases as functions of
temperature.

taken from the compilation by Hansen.%%,6” The probable form of the charac-
teristics at the lowest temperatures is indicated in the diagrams by broken
lines. (The slowly cooled samples gave identical results with those quenched
from 240—280°C). The present findings differ appreciably from the data
presented by Hansen where the homogeneity ranges are represented as being
less dependent on temperature. The form of the characteristics (Fig. 2) shows
a substantial variation between the phases, a progressive broadening being
notable in the 7T-sequence Cr-Fe-Co-Ni while a rapid narrowing occurs
within the sequence Ni-Pd-Pt. There is also a degree of correlation of the
maximum extension of the homogeneity ranges with such factors as the radius
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2626 KJEKSHUS AND WALSETH

ratio rr/rsp, and the electronegativity difference between Sb and 7'. Fe, ,,Sb
differs appreciably from the other phases in that its homogeneity range is
nowhere nearer the equiatomic composition than 3 atomic 9.

(iii) Verification of the formula T, Sb. On comparison of the pycnometric
densities with those calculated from the X-ray data (Fig. 3) it is clear that
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Fig. 3. Observed (open symbols) densities of the 7', ,Sb phases as a function of com-
position and those calculated (corresponding filled symbols) from the X-ray data on
the basis of additional (x> 0) or subtractional (x <0) solid solutions (see text).

T atoms are added to the ideal NiAs lattice for compositions <50 atomic %, Sb
and are subtracted when the Sb content is >50 atomic 9. This justifies the
use of the general formula 7', ,Sb. A possible exception occurs in the case of
Pt,,.Sb where the narrowness of the homogeneity range and its proximity
to the equiatomic composition prevent definite conclusions from being drawn.

(iv) Atomic arrangement. 1t is well known (cf. Ref. 1) that the NiAs type
structure occupies a position which is intermediate between those of Ni,In
and Cd(OH),. The transition between the structure types is achieved by
an occupation of the trigonal bipyramidal holes by metal atoms on going
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PHASES WITH NiAs TYPE STRUCTURE 2627

from that of NiAs to Ni,In on one hand and a removal of alternate layers of
metal atoms, on going from NiAs to Cd(OH),. The crystallographic description
of the atomic arrangement in the ideal NiAs type structure is as follows, in
terms of the space group P6,/mmc: 2T in (a) 0,0,0; 0,0,1/2 and 2Sb
in (c) 1/3,2/3,1/4; 2/3,1/3,3/4. The additional 7' atoms incorporated in the
lattice when x>0 occupy the position (d) of the same space group at random,
t.e. 22Ty in (d) 1/3,2/3,3/4; 2/3,1/3,1/4. For <0, the vacant lattice sites are
conveniently considered to be randomly distributed on, say, 0,0,1/2, implying
a necessary change of the space group (to P3ml).

Comparison of observed and calculated X-ray intensities confirms that the
basic structure is of the NiAs type for these 7' ,Sb phases. In those cases
where the departure from stoichiometry is particularly large, ¢.e. for x>~0.2
in the Fe, ,Sb, Co, ,Sb, and Ni, ,Sb phases, unambiguous confirmation of
the nature of the defect (Niy,In/NiAs type) structure has also been possible.

The NiAs type structure can exist with interstitial atoms as well as vacant
sites in the lattice, both kinds of defects occur, for example, within the homoge-
neity ranges of the Co, ,Sb and Ni, . ,Sb phases. The supposition of a degree of
disorder between the 7'; and 7'y sites may accordingly be considered as
eminently possible (even at the stoichiometric 1:1 composition). However,
within the limitation set by the accuracy of the present measurements of
X-ray intensities no indication of the occurrence of such disorder could be
detected. In terms of percentage, this type of disorder corresponds to less
than ~5 9, transfer of 7' atoms between the 7y and T'y; sub-lattices (thus
creating vacancies in the 71 sub-lattice; vide supra).

In the NiAs type structure (at the stoichiometric 1:1 composition and
with perfect lattice order) each metal atom is octahedrally coordinated to
six near non-metal atoms and each non-metal atom is surrounded by six
near metal atoms in a trigonal prismatic configuration. However, both types
of coordination polyhedra are somewhat deformed in the present 7, ,Sb
phases as clearly evidenced by their octahedral (80.84—83.75° and the corre-
sponding supplements) and trigonal prismatic (99.16—96.25, 56.94—61.40,
and 127.84—129.07°) angles. In the ideal NiAs type structure, where
c/a=V 8/3=1.633---, the octahedral angles are 90° and the relevant trigonal
prismatic angles 90, 70.54, and 130.81°,

The composition dependences of the shortest interatomic distances are
shown in Fig. 4. It is seen that the 7,—Sb and T ;—Sb distances decrease
almost linearly with increasing composition in atomic 9, Sb, and that especially
for the phases Cr,_ Sb, Fe, ,Sb, Co,_,Sb, and Ni, ,Sb, have virtually parallel
dependences. The shift of level of 0.3—0.4 A between the 7';—Sb and 7';;—Sb
separations, suggests that the bonding to Sb of these crystallographically
non-equivalent 7" atoms is of a different character in the two cases. The values
of the shortest T,—7T; and T;—Ty (equal to the 7;—Sb distances shown
on the diagram for x>0) separations are consistent with a strong bonding
interaction between these atoms.

(v) Microhardness. The composition dependences of microindentation
hardness shown in Fig. 5 exhibit a general decrease with increasing Sh content.
This kind of characteristic is in accordance with a weakening of the lattice

Acta Chem. Scand. 23 (1969) No. 8
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Fig. 4. The shortest interatomic distances in the 7', ,Sb phases as a function of com-
position.

with progressive removal of 7' atoms and the consequent decrease in the total
number of bonds, provided, of course, that changes due to such factors as
dislocation density are negligible.

The inset diagram shows a normal increase of melting point with micro-
hardness at the equiatomic composition (extrapolated to 50 atomic 9, for the
Fe,; ,Sb phase).
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