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Based on geometrical and electronic regularities we developed a simple interpolation method for the
prediction of yet unknown intermetallic phases and tested it on 16 binary and 1 ternary structure types.
Starting with hypothetical element combinations the less probable ones are eliminated in various steps,
in which the properties of the constituent elements A and B are compared with those of element pairs
of the known representatives. For each structure type a linear relation between a short interatomic
distance d,5 and the concentration-weighted mean atomic radius R is used to establish a relation
between the lattice constants and the radii R, and Rj of the involved atoms. A generalized space-filling
factor can then be formulated as a function of R and R,/Ry. A first coarse selection is based on space
filling in the R,/Ry vs R diagram. The final reduction of the potential candidates is carried out in
diagrams which involve the electronic properties of the elements.

1. Introduction

Modern industry is highly interested in
new materials which possess optimal prop-
erties. Certain structure types appear to be
favored for special applications, such as the
A15 structure for superconductivity. Peo-
ple engaged in materials research therefore
are interested in guide lines for the syn-
thesis of new representatives of particular
structure types. For the synthesis of metal-
lic alloy phases about 80 elements have to
be considered: If we exclude the halogens,
the inert gases, and the actinides beyond
number 93 (Np), we are left with 84 ele-.
ments, which for each binary structure type
A, B, offer the formal possibility of 6972
combinations. For choosing the most rea-
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sonable candidates one usually has to rely
on a mixture of feeling and trial and error.

Recently Savitskii and co-workers (/-5)
introduced a sophisticated prognosis
method for the prediction of new members
of various alloy structure types. For this
purpose the properties of the elements, as
well as of the known representatives of a
structure type, are represented in a multidi-
mensional diagram. An appropriate com-
puter program was developed which recog-
nizes a pattern in this space, dividing the
element combinations into three categories:
Combinations inside the pattern are likely
to exist in this structure, while those out-
side will probably adopt another structure,
and those on the border line are indiscerni-
ble.
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Based on this procedure the following
numbers of probable element combinations
have been predicted: MgCu, type Laves
phases 2000 (4), CaCu, type 1100 (4), SiCr;
(B-W) type 714 (3), CsCl type 1500 (5), and
o-phase type 156 (2). Although characteris-
tic data of the elements were used, the re-
sulting numbers of new representatives are
surprisingly high. Thus, one gets the im-
pression that the extrapolation might have
been driven too far. .

On searching for regularities among the
representatives of 17 structure types that
occur with Nb, Ta-Group IIIb and IVb bi-
nary compounds, we found that the number
of possible new combinations can be re-
duced to about one-quarter of those given
by Savitskii and co-workers by considering
empirical geometric and electronic charac-
teristics.

2. Regularities Exhibited by Alloy
Structure Types

The derivation of empirical structural re-
lations, which are not based only on a hard-
sphere model, requires the knowledge of a
certain number of existing representatives.
A great part of the physical and chemical
requirements for the occurrence of a cer-
tain structure is contained in the structural
characteristics such as axial ratios and
space filling, provided that these parame-
ters do not show a broad scatter. If the
available experimental data permit us to de-
rive with sufficient accuracy a relation be-
tween the structural characteristics and the
size of the engaged atoms, we are able to
calculate the hypothetical unit cell of any
new compound.

Of course, the value of these specula-
tions increases (and the number of possible
new phases decreases) with the more elec-
tronic information we consider. Moreover,
predictions based on interpolation are fairly
trustworthy, while those gained by extrapo-

lation become more and more speculative
the farther away we move from the basal
points. In fact, it is rather arbitrary where
we draw our border lines. We admit that
interpolations are more of a practical value
whereas the speculative extrapolations are
more interesting theoretically. Our interpo-
lation method thus will not lead to new
subgrouips of a structure type.

From the 17 structure types listed in Ta-
ble 1 the following regularities have been
deduced. These regularities will be used to
develop our prognosis method. In advance
we discuss these regularities in detail.

(1) A linear d 5 vs R dependence and a
linear V. vs V dependence exists for these
alloy structures. Here, d,z designates a
shortest distance! between atom A and
atom B that depends on all lattice con-
stants. V. is the unit-cell volume and R and
V are concentration-weighted mean atomic
radii and volumes respectively,

R = (mR, + nRg)/(m + n),
V= (mV, + nVg)/(m + n),

for the compounds A,, B,, where we always
take m < n. We used R rather than (R, +
R3)/2 because we found experimentally a
much better linearity of the d,p depen-
dence. For R, and Ry we used the metallic
radii proposed by Teatum et al. (6), listed
also in Pearson’s book (7).

(2) There is a narrow range for the values
of axial ratios ¢/a and b/a and the general-
ized space-filling factor for all representa-
tives of these structure types. This property
is in fact essential for our purpose. In cer-
tain cases of pronounced scatter of the axial

! In a three-dimensional structure one might as well
choose any other A-B distance (with a likewise good
linear regression factor) since the structure is a steric
framework that reflects the stoichiometry as well as
the kind of participating atoms. If in the structure the
atomic positions of A and B contain free parameters,
then reliable sets x,, y4, z, and xp, yp, zp are chosen
equal for all representatives, as in most cases these
parameters were not determined.
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ratios the structure family may be subdi-
vided, as, e.g., for CaC,-MoSi,—AlCr,—
PdBi, (k) and loellingite (FeAs,)-marcasite
(FeS,). These varieties are the result of a
different bonding character. Special cases
are the NiAs— and Cdl,-type phases.

One of the consequences from the two
above-mentioned regularities is the exis-
tence of a narrow grouping formed by the
representatives of a certain structure type
in a generalized iso-space-filling R—R,/Rj5
diagram. A deduction of this diagram is pre-
sented below.

The structural information derived from
the known compounds (/4) and used for the
hypothetical compounds is derived as fol-
lows.

The short interatomic distance

dap = al(xs — xp)*
+ (ya — yp)¥b/a)® + (z4 — z8)*(c/a)®
+ 2(v4 — yp)(z4 — zp)(bc/d®) cos a
+ 2Axy — xp)(z4 — zp)(c/a) cos B
+ 2(x4 — xp)(y4 — ¥a)(b/a) cos y]'*

is determined for all the known representa-
tives (using the same set of reliable site-
parameter values x°, y°, z°) and plotted as a

ke SF (b/a)(c/a) sin BI"*[m + n (R4/Rs)™"]

function of R. A linear dependence
dAB = klR + kz

will result. The constant &, # 0 is reflecting
the compressibility of the atoms, and this
makes the difference to a hard-sphere
model. The lattice constants of any hypo-
thetical compound now can be calculated
as

a =~ (kR + k)[(x3 — x3)?
+ (0% ~ WAB/a): + (25 — 2)*c/a)
+20v3 — ¥5)(25 — 25)(bc/a?) cos a
+ 20, — )25 — 3)c/a) cos B
+ 2(x5 — x3)0% — Yp)(b/a) cos y] 7~
= (k,R + ky)/A,
b~ a(b/a) = (kR + k)(B/a)/A,
¢ =~ a(c/a) = (kR + ky)(c/a)/A.

As an example we treat the monoclinic
system. The space filling SF =
Z(mV, + nVg)/V, can be generalized as
_(4m/3) Z A* (mR§ + nR3)

(ksR + kp*(b/a)(c/a) sin B

The above formula can be rewritten as

SF

R(RA/RB)

constse  (m + n) A{(4w/3) Z [m + n(R,/Ry)*}H"

»

~ kd[SF(b/a)(c/a) sin BI"* [m + n(R,/Rs)™']}

whereby k;,k, = constants from the linear
regression duz = k;R + ko, Z = number of
formula units, m,n = stoichiometric pro-
portions, c/a, b/a, B = mean values of the
representatives for a certain structure type,
and A = [(x§ — x3)* + (0% — yp)¥(b/a)* + (24
— zp)¥(c/a)®* + 2 (x5 — xp)z% — z3)(c/a) cos
B]uz.

With this expression we calculate the iso-
space-filling net in the R,/Rjp vs R diagram.

(3) The electronic characteristics of a
structure type are reflected in a grouping in

a plot of VE vs Ax, where VE = (mVE, +
nVEg)/(m + n) is the mean valence-elec-
tron concentration and Ax = x, — xp is the
electronegativity difference. We used the x
values given by Thomas and Gordy (8).

(4i) There is a unique (in some cases triv-
ial) relation between the position of the ele-
ments in the periodic table and their equi-
point occupation in the structure.

(4ii) There is a narrow grouping for the
representatives of a given structure type in
an isostoichiometric diagram of binary ele-
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ment combinations. In such a diagram we
arrange the elements according to their
number of s, p, d, and f electrons, the A
elements along the vertical axis and the B
elements along the horizontal axis. In a dia-
gram we plot VE, vs VE,, where VE, and
VEjy are the numbers of valence electrons
of element A and element B, respectively.
Only the chemical valence electrons are
counted in the case of the rare earth ele-
ments. Ce, (Sm), Eu, Yb, and U may be
problematic in some cases.

The results of our analysis of 17 structure
types are summarized in Table 1.

3. The Principle of Our Prognosis Method

Based on these four regularities we are
now going to describe our prediction
method in detail on the examples of the o
structure type (o phase) and of the SiCr;
structure type. Polyhedron packings of
these structure types are shown in Figs. 1
and 6 (9, 10).

O// >

b
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O
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O

—c |\l
v
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We approximate the compositions of the
o phases A, B, with a 1:1 stoichiometry,
although pronounced deviations are possi-
bie. This is a weak point, but consideration
of variable stoichiometry would make the
treatment too tedious.

The o-phase structure is described in
space group P4,/mnm and the equivalent
positions are

A:2a) 0,0,0;4% % %

B: 4g) = (x, % 0,4+ x, %4+ x, %),
C:8(i) = (x,y0,9,x,04+x4-y%
F+y, - x,9),

as above, and

(x, x, z; x, x,Z; ¥+ x, $ — x,
t+zdt+xd-x 31— 2.

D: 8(7)
E: 8() =

A elements are in position B: 4(g), while B
elements only are found in positions A: 2(a)
and D: 8(i). The positions C and E can be
occupied by both the A elements and the B
elements (/7).

The shortest distance between the A

FiG. 1. Polyhedron packing of the o-CrFe structure type (10).
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atom (CrinE: 8(j) at 0.318, 0.318, 0.25) and
the B atom (Fe in C: 8(7) at 0.065, 0.262, 0)
is

= a[0.0665 + 0.0625 (c/a)?]*".

A plot of the experimental data for d ;5 vs R
for all the known o phases (Fig. 2) leads to

d.s (A) = 1.991 R + 0.005.

SFO'—Cl‘Fe -

This linear dependence is obeyed with a
rather high regression factor of 0.992. A
linear dependence also exists between V,
and V, but we do not use it further.

For the o-CrFe-type unit cells the mean
value of the axial ratio is ¢/a = 0.52 = 0.01
(0.01 being the statistical deviation). The
generalized space filling SF is

_ (4r/3) 15[0.0665 + 0.0625 (c/a)?P*(RY + R$)

(1.991 R + 0.005)%c/a)

This formula is generalized and rewritten in order to construct the parameter net SF =

const in Fig. 3:

0.005[SF 0.52]**[1 + (R4/Rs)!]

R(RAIRB)

wonstsr 2 [0.0665 + 0.0625(0.52)2%{(4x/3)

“15[1 + (R4/Rp)31}*® — 1.99H[SF 0.52]*3[1 + (R,/Rp)'1}

Iso-space-filling is used as a parameter in
Fig. 3, which shows an R,/Ry vs R plot
with the known and the predicted o phases.
The experimental values for the space-
filling factor SF scatter within the range
0.735-0.75. Thus, iso-space-filling SF =
0.75 and a mean radius 1.2 = R = 1.6 A
were assumed as a reasonable border line.
The SF limit coincides with an R,/Ry range
of 0.8-1.2. The broken curve defines a

|

|

i
o-phase

|

2.9 /
27 / | ‘

T —
dpg=199) R+0.005
]

2.6

be IR
1.25 1.3 1.35 1.4 .45 1.5 _ 1.55
R{A)

F1G. 2. The linear dependence between the shortest
distance d 45 and the mean radius R for the o phases.
The position of atom A is x, x, z, with x, = 0.318 and z,
= 0.25, and that of atom B is x, y, 0, with xz = 0.065
and yp = 0.262.

smaller field which contains all the pre-
dicted phases that escaped the final purga-
tion step.

The second reduction takes place in the
VE vs Ax diagram. Besides the known com-
pounds, we have indicated in Fig. 4 all the
hypothetical compounds that fulfill our geo-
metrical criteria. Surprisingly, the crosses

1.6 T T T T T
Ry/Rq
1.4

o-phase

1.2

1.0

0.8

0.6 1 T T H H
08 1.0 .2 1.4 1.6 118_ 20

Fi16. 3. The geometric field of existence of the o-
CrFe-type phases. The parameter net represents the
generalized space-filling factor SF. Triangles stand for
existing phases, dots for predicted phases that sur-
vived all purgation processes. The preliminary area of
existence, based on space filling and mean radius (full
curves), can therefore be reduced to that within the
dotted curve.
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_[O T T T ] T I
VE . Vi e
9 . - v noan —
. L+ e N e l .
8 .« . L o e K BNt —
R
7+ S oA oA =
B I I I 3; e
- & 2 3 e s -
e a g . .
5+ «(VTa) —
4 [— [ — I | | |
-1.0 -06 -0.2 0 02 0.6

Xp~Xg

FIG. 4. The electronic diagram VE vs Ax for the o
phases. Existing compounds are indicated by crosses,
geometrically permitted compounds by dots. All can-
didates outside the curve are discarded.

designating the known o phases are
crowded all together, with one exception,
VTa. The most probable hypothetical o
phases are those lying within the curve.
Even by cutting off only the phases with VE
= 8 we reduce the number of predicted
phases by more than a factor of two.

The components of the known o phases
A, B, belong to the following group:

d'=° elements (A) combined
with d®10 elements (B).

Figure 5 is a graphical representation of
point (4ii). It was used for a final reduction

TABLE 11

PROGNOSIS TABLE FOR o PHASES

B elements

A elements

W o; =
Oo|lu| x

Cu
Ag
Au
Zn
Cd
Hg |

o | O A—
Szl aa

Note. Symbols: @, known representatives on which we based our prognosis; W, compounds predicted by
Savitskii and Gribulya (2); +, compounds predicted in this work [if further information is available from phase
diagrams, C, 1, S, T, or E is given instead of + (//-/3, 16)]; C, compounds occurring with other compositions
only, according to phase diagram; I, complete insolubility according to phase diagram; S, complete solubility
according to phase diagram; E, eutectic/peritectic system without any compounds formed; T, thermodynami-

cally unstable according to Miedema (I8).
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Fi1G. 5. The field of existence of the o phases in a
valence-electron concentration diagram. The known
representatives are given by dots. The three excep-
tions with VE; = 5 induce a much larger allowed area.

of the number of candidates. Those which
fall within the heavy black curve appear to
be almost safe.

Thus, starting with 48 o-CrFe-type repre-
sentatives the geometrical interpolation
leads to 198 possible new combinations.
This number is further reduced in a VE vs
Ax diagram to 62, and finally in a VE4 vs
VEjy diagram 50 candidates survive. These
are listed in Table 2. On the basis of ther-

@ A-Atom @ B-Atom
J—’O

F1G. 6. Polyhedron packing of the SiCr; structure.

modynamical considerations, Miedema
(18) predicted stable element combinations
and ruled out unstable combinations. Some
of these unstable phases may exist under
high pressure. If we eliminate them we are
left with 46 potential o-phase candidates.

Various detailed studies have been pub-
lished on the SiCrs (A15, B-W)-type com-
pounds (/9-26) and ‘it is believed that all
reasonably stable A15 phases have been
found” (25). Nevertheless, we demonstrate
our method on this structure type for com-
parison.

The SiCr; structure type is described in
space group Pm3n and the equivalent posi-
tions are

Siin 2(a): 0, 0, 0; %

1
’ 2
Crin 6(c): =+ 4, 0, &

1
25 2

. 1
%’ i" O’ 07 %’ Z)'

The shortest distance between the A atom
at (0, 0, 0) and the B atom at (%, 0, ¥) is

dsp = 0.5590 a.

This expression holds exactly, as the struc-
ture contains no free parameters. A plot of
the experimental data for the known SiCr;-
type phases leads to the relationship

dss (A) = 1.783 R + 0.276.
This linear dependence is obeyed with a

high regression factor of 0.989 (see Fig. 7).
The space-filling factor thus can be written

dag (A ’ j (
3.1

sicr,
3.0

2.9

2.8

2.7
- ,/

) i B—
125 13 135 14 145 15 155 16

FI1G. 7. The linear dependence d 45 vs R for the SiCry-
type phases. Atom A at (0, 0, 0), atom B at (4, 0, §),
hence d g = 0.5590 4.
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as

_ (4m/3) 2 (0.559)(R] + R})
(1.783 R + 0.276)?

SFSiCI‘a

This formula is generalized and rewritten in
order to construct the parameter net SF =
const in Fig. 8:

0.276 [SFI**[1 + 3 (R,/Rs)~"]

Resams g = 2236 (@r/3) - 201 + 3 (Ry/Ro) 5 — LISHISFIALT + 3(RA/Rp 7))

The experimental points all lie within a
space-filling range of 0.725-0.795. As addi-
tional limits we choose R,/Rp = 0.78 and
1.3.

The component elements of the known
A1S phases AB; belong to the following two
groups:

p elements (A) with d*~° elements (B),
d elements (A) with @5 elements (B).

The ratio of the p and d elements to the d*~®
elements is fairly close to 1:3.

The electronic characteristics of the A15
phases are quite pronounced. In the VE vs
Ax diagram (Fig. 9) the existing representa-
tives are given by crosses, those predicted
from the R,/Rj5 vs R diagram by dots. More
than half the dots lie outside the area
defined by the known representatives.

In the VE, vs VEg diagram (Fig. 10) the
existence field for the A15 compounds
might well be singly connected as indicated

16 ; ————
/s T
1.4 - : —

z

12 j ' . \’Qa“ type -
RS
0.6 //éé

F1G. 8. Field of existence of the SiCr;-type phases in
the R,/R; vs R diagram. The existing compounds
(dots) lie within the space-filling values 0.75 and 0.795
and adopt R,4/Rjy values between 0.78 and 1.3.

by the broken contours. If we restrict our
interpolation area to the two fields within
the heavy curves we loose another 65 can-
didates.

Thus starting from 91 known representa-
tives the geometrical criteria lead to 520
new candidates. Of these, 244 survive the
sieving process in the VE vs Ax diagram,
and only 133 candidates are left in the VE,
vs VEg diagram. Finally, Miedema’s ther-
modynamic stability criteria eliminate 45
combinations, so that we end up with 93
fairly trustworthy new candidates listed in
Table 3.

4. Limits of Our Prognosis Method

In order to obtain reliable prognosis
results, the following conditions should be
fulfilled:

1. A minimum of about 10 representa-

&l
m

Ny N OO
T

-06

FiG. 9. Mean valence-electron concentration vs
electronegativity difference for the known (crosses)
and the geometrically permitted (dots) SiCrs-type
phases. The field of existence is reduced by the closed
curve.
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VEA|3 T
12 4
I 4
10 4
9l i
8| .
7 i
6| W OB ow
S 5 Pl = A
4+ el - T
3L & &l & i
oL 4
| 1 | | 1 i

F1G6. 10. Valence-electron numbers VE,, VEjg of the
atoms A and B in SiCrs-type phases AB,. Existing
phases: crosses; predicted compounds as deduced
from Fig. 9: dots. The less speculative field of exis-
tence is framed by heavy lines.

tives of the considered structure type
should be known.

2. The linear regression factor of the d,z
vs R dependence should be higher than
0.98.

3. The ¢/a and b/a ratios should not vary
more than +35% of the mean value. Similar
conditions should hold for the angles «, 83,
and v.

4. The space-filling range should not be
larger than 0.1.

5. The representatives of a structure type
should form a closed group in the VE vs Ax
diagram, as well as in the VE, vs VEj; dia-
gram.

6. Among the compounds with rare earth
and actinide elements, those with Ce, Sm,
Eu, Yb, U, etc., may require a special
treatment since these elements can occur
with different valences.

As can be seen in Table 1 some structure
types contain exceptions, i.e., existing
members which fall distinctly beyond the

border lines either in the geometrical dia-
gram or in the electronic diagrams. These
exceptions may be due to inaccuracies of
the parameters used, or else they may point
to new subgroups. Thus, in the case of the
SigWs-type family, the group of the p and f
element combinations has been discovered
only recently, while only the group of the p
and d element combinations was known be-
fore.

5. Discussion

The prognosis originally was based on
the data compiled by Pearson (1967, I4), Of
97 new compounds reported in the follow-
ing 12 years 96 have been predicted cor-
rectly by our method.

It is interesting to compare the results of
our simple prognosis method with the so-
phisticated computer method of Savitskii
and co-workers (/-5). While Savitskii and
Gribulya (2, 3) predicted 714 new SiCrs-
type compounds and 156 new o phases, our
corresponding figures are 93 and 46, respec-
tively. Seventy-nine percent of our candi-
dates are identical with Savitskii and Gribu-
lya’s (see Tables 2 and 3).

Our method is described here for binary
compounds. It can be applied as well to
ternary phases provided that only two ele-
ments are varied, e.g., in ternary carbides,
etc. As an example we have listed in Table
1 our results for the AlCr,C-type phases.

In general we can reduce the number of
predicted phases with our prognosis to
twice or three times the known intermetal-
lic compounds of a treated structure type.
The predicted phases should be understood
as a ‘‘first selection’ of the hypothetical
possible combinations. There are different
regularities which are only valid for a lim-
ited number of structure types. These can
be applied to our predicted phases. In this
way one can reduce these to the most
probable expected compounds, as shown in
the following examples.

Savitskii and Gribulya (3) found the rule
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TABLE III
PrOGNOSIS TABLE FOR THE SiCrs-TYPE PHASES

B elemenfs

Ti
Zr
Hf
v
Nb
Ta
Cr
Mo
W

Note. Symbols:

®, known representatives on which we based our prognosis; M, compounds predicted by

Savitskii and Gribulya (3); +, compounds predicted in this work [if further information is available from phase

diagrams, C, I, S, E, T,

*, or a number is given instead of + (//-{3, 16)]; C, only compounds with other

stoichiometric proportions known according to phase diagram; I, complete insolubility according to phase
diagram; S, complete solubility according to phase diagram; E, eutectic/peritectic system without any com-

pound formed; *

“, AB; phase of unknown structure reported; @, structure type with less than three representa-

tives; 1, PFe; type; 2, PTi, type; 3, BRe; type; 4, CuTi; type; 5, SnNi; type; 6, AuCus type; 7, o phase; T,

thermodynamically unstable according to Miedema (/8).

““In systems with a o-phase there also exist
phases of the SiCrg, Laves (MgZn,), and
CsCl type which may be called concomi-
tants of the forecast structure.”

The Darken—-Gurry diagram and the

“electronegative’’ and ‘‘relative valence ef-

fart? rmilac af Hn mn_anhAru traatad in the
1w L LUivo Ur Llul 1™ L\\Ibll\/l LL WAl N Ll il

paper of Waber et al. (27) are helpful for
deciding whether we have to expect com-
plete solubility of two elements or not.

Even the information given in Tables 2
and 3, which are taken from the known bi-

nary phase diagrams (/1-13, 16), are help-
ful for deciding which of the predicted
phases are the most probable ones.

We may stress that our predicted phases

naad naf aviet hnt thacea ara tha mast nrah-
LIVAVAL LIVL ALOL, UL LUIWOW Gl W LW 111U 0 yl\IU

able ones because they have geometric and
electronic characteristics similar to those of
the known representatives of the consid-
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ered structure type.

Of course our prognosis method as pre-
sented here can be developed further if one
finds a new grouping in another diagram.
Such a new grouping of the representatives
of the SiCr;, CFe;, PTiz, and PFe; types
was, for example, found in a melting-point
sum of the element A and B (T, + Tp) vs
T,/Ty diagram.
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