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In binary systems containing rare-carth elements (M) and transition elements (X) several intermetallic
compounds with composition between MX, and MX; are formed which, according to their mechanical
properties, fall into two groups. The brittle alloys are hexagonal or rhombohedral and belong to the
M, ;1 Xs.—1 structure series. This series may be considered to be formed by stacking M,X, blocks
(characteristic of Laves phases) with a varying number of MX; blocks (characteristic of the Haucke
phase CaCus). The soft alloys with pronounced cleavage have monoclinic symmetry. They belong to a
new M, , ;Xs,. 2 structure series which contains a new structure block, M,X;, found in the Zr,Ni, struc-
ture. A consideration of the intraplanar translation vectors and of the possible rotations of the M,X,
blocks shows that this structure series has three other subseries apart from the monoclinic Zr,Ni, sub-
series, these being hexagonal, trigonal and orthorhombic. Point positions for these hypothetical struc-
tures are given together with a ready method of recognizing their presence from precession photographs.

Introduction

We consider binary intermetallic systems M-X for
which M is Mg, Ca, group 3 or 4 elements, rare-earth
elements or actinides and X is Fe, Co, Ni, Cu or Zn.
Compounds with compositions between MX, and MX;
are often found in these systems and have structures
related to the Laves MX, and Haucke MX; phases.
Data for these structure types have been compiled in
Table 1. Among the ten hexagonal, rhombohedral and
monoclinic known structure types only the hexagonal
and rhombohedral structures are fairly well understood
and have been grouped into a structure series. This
paper is an attempt to classify all these structure types
and to propose new structures for related structure
series. The results presented will be useful for the quick
solution of unknown crystal structures of other com-
pounds within this composition range.

Previous results

The relationship between the hexagonal and rhombo-
hedral structure types has been discussed by Cromer &
Larson (1959), Lemaire (1966) and Khan (1974a,b).
Cromer & Larson have reported that the CeNis,
PuNi; and Ce,Ni; types can be obtained by alternate
stacking of MX, and MX; layers. They also elaborated
a different description in which these structure types
are based only on the hexagonal CaCuj; structure type.
By introducing ordered substitutions of M atoms in
the twofold X position of the MX; structure, followed
by appropriate shifts of layers and small displacements

* Part II will deal with experimental structure determina-
tions in rare-earth-nickel systems and will be submitted to
Acta Crystallographica for publication.
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Table 1. Structure types for compounds with composi-
tions between MX, and MX;

Hexagonal-rhombohedral series

66:7% X MgZn,: P6;/mmc, cla~2.V2/V3, Z=4
Strukturbericht, 1, 180, 228
(Fd3m) — R3m, c/la=3.y2/)3,
Z =6 (triple hex. cell)
Strukturbericht, 1, 490, 531

P6;/mme, cla~4 . 2/Y3, Z=6
Cromer & Olson (1959)

PuNi; or NbBe;: R3m, c/a~6.)2/)/3,

Z =9 (triple hex. cell)

Cromer & Olsen (1959)

Sands, Zalkin & Krikorian (1959)

P63/mme, cla~6.2]V3, Z=4
Cromer & Larson (1959)

GdzC07 or Er2C07: Rgm, 0/029 . VZ/V3,

Z =6 (triple hex. cell)

Bertaut, Lemaire & Schweizer (1965)
Ostertag (1967)

SmsCoyg: P63/mme, clax~8.)2/V3, Z=2
Khan (1974b)

R3m, cla~12.V2/Y/3,

Z =3 (triple hex. cell)

Khan (1974a)

MgCu,:

75:0%X CeNij:

77-8% X CezNi7:

79-0% X
CesCoyo:

Monoclinic structure types

77-8% X Zr,Ni;: C2/m
Eshelman & Smith (1972)
80-0% X PuNiy: C2/m

Cromer & Larson (1960)

of adjacent M atoms along ¢, they could derive all the
hexagonal and rhombohedral structure types.
Lemaire has also proposed this substitution scheme
and has formulated equations expressing the substitu-
tion mechanism for the different structure types.
Khan has noted that the substitution scheme for the
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derivation of these structure types appears very simple
but that the determination of the atomic positions for a
particular structure type is quite laborious. He then
described a procedure by which the lattice parameters
and atomic positions for any of the hexagonal and
rhombohedral structure types could be easily calcu-
lated. Khan’s scheme reverts to the earlier notion of
Cromer & Larson of MX, and MX; layers. The struc-
tures are considered to be divided into blocks of MX,
as in the Laves phases and blocks of MX; as in CaCus.
The various structure types differ in the ratio of the
number of blocks MX, to the number of blocks MX;.

No such construction scheme has been found for the
two monoclinic structure types. These are layered along
a pseudo hexagonal axis somewhat inclined towards
the monoclinic ¢, axis. A rather complicated mecha-
nism has been proposed by Eshelman & Smith (1972)
to show that the Zr,Ni, structure may be derived from
the CaCus structure by removal of a layer of X atoms,
collapse of the remaining structure and shifts of atoms.
No clear relationship between the Zr,Ni, and the
PuNi, type has been formulated.

The three structure blocks

The idea of structure blocks as used by Khan for the
hexagonal-rhombohedral structure series may be
generalized. The principal structure blocks which form
the hexagonal-rhombohedral series will be redefined
and a new block will be proposed which allows the
Zr1,Ni, and PuNi, structure types to be grouped into
a new monoclinic-hexagonal-trigonal-orthorhombic
structure series.

STRUCTURE BLOCK STACKING IN INTERMETALLIC COMPOUNDS. I

Three structure blocks form the building elements in
the two series: an M,X,, an M,X,, and an MX; block.
A stacking of M,X, blocks with increasing number of
MX; blocks allows the construction of the crystal
structure types of the rhombohedral-hexagonal
M, ;1 X5, Series, n being any positive integer [M,X, +
(n—1)MX;5: MX,, MX;, M, X5, MsX, 0, MX,, . . ., MX].
Alternation of M,X; blocks with increasing number of
MX; blocks permits the construction of the crystal
structure types of the monoclinic-hexagonal-trigonal-
orthorhombic M, ,Xs, ., series [M,X,;+(n—1)MX;:
M,X,;, MX,,M,;X,5,...,MX;]. Each structure series
has subseries which differ only in the relative orienta-
tion of the structure blocks and in the symmetry of the
types. The M, , ;Xs,-, series presents a hexagonal and
a rhombohedral subseries, and the M, ,,Xs,,, series
monoclinic, hexagonal, trigonal and orthorhombic
subseries.

The three structure blocks are shown in Fig. 1. They
can be described in a hexagonal unit cell (ag, cp.) or in
the corresponding orthohexagonal cell (agy,bou, Con)-
The idealized point positions and projections of the
blocks along cg; and agy or bgy are given in Figs. 2(a),
2(b) and 2(c). The bottom and top X layers of all blocks
are identical, except for a possible intraplanar transla-
tion. If two blocks are stacked one on top of the other,
such an X layer will be common to both structure
blocks; it may be regarded as a welding layer and will
be denoted by W. In the different blocks there are three
kinds of intermediate layers: 7, I" and I".

The MX; block corresponds to the CaCu; structure
type. Such a block can be considered as an alternate
succession of two different layers, a W and an I layer

\..__.._..._._

-«

——1=0== _
wh==0=21 W ===
M)(5 MZXT

Fig. 1. Schematic drawing of the three structure blocks where for reasons of clear presentation the c/a ratio is three times larger
than the real one. X atoms are shown as small circles, M atoms as large circles.
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Table 2. The relative unit-cell dimensions for both structures series referred to ag;, the hexagonal basis vector of the structure blocks

M, +1Xs0-1 Series
h=n
subseries
R3m (No. 166) P6;/mmc (No. 194)

Rhombohedral

Aty =apL

¢lrul=34
(referred to
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The latter is composed of the two kinds of atoms in the

proportion of one M to two X. The M atoms are
located at the centres of hexagons formed by the X
d atoms. The ideal axial ratio cg /ag, = /2/)/3 has been
+en obtained by assuming equal X-X distances.
§ The M,X, and M,X, blocks, which are richer in M
o atoms than the MX;, can also be constructed with W
i and [ layers. The M,X, block is the building element of
SIS the Laves phases. The succession of the layers is the
same as in the M X, block, but one of the two X atoms
in the intermediate layer is replaced by an M atom.
Adjacent rare-earth atoms would then be too close to
N each other and are thus shifted by {c parallel to ¢ on
opposite sides of their original layer, in which only the
I unsubstituted X atom remains. The top welding layer
. is translated by Ty,x, =3ap;, —3bs, (referred to hexag-
) onal axes) or Ty,x,=3boy (referred to orthohexagonal
axes) with respect to the bottom one in order to achieve
close packing. The ideal cg /ag, ratio of the block is
v
=~
+
=]
S
X
o
I
L
S
HE
]
)
(=)}
= |
S
= g
g g
2
S (iii)
I} Fig. 2 (a). MX; block. (i) Projection along cou Or ¢py. (ii) Pro-
- § jection along aogy (black circles with x=0). (iii) Projection
along boy (black circles with y=0).
Point positions
(a) Referred to hexagonal (b) Referred to orthohex-
= axes agonal axes
g N en (apL, CBL, CnL/anL=V2/V3) (aon=asgy, bon=asL - V3,
%o =i Con=CpL)
5= & 3X: 301, 041, 441 £X: 041, 311, 431
=3 1M: 00} 2M: 00} 13300
a2 =z oz 2X: 334, 434 4X: 013, 033
S5 &S $X: 100, 010, 330 £X: 030, 330, 330



1882

Fig. 2 (b). M,X, block. (i) Projection along coy Or cpy. (ii) Pro-
jection along apy (black circles with x=0).
Point positions
(a) Referred to hexagonal (b) Referred to orthohex-
axes agonal axes
(asL, CbL, CBL/aBL=l 2/Y3) (aon= aBLr bon=as..)/3,con=cpL)

LT T g
1X: 3 2X: 03
lM:(B)I})é zm:ooi +140]

3X: 100, 030, 330 $X: 040, 430, 430

V2/V3 as for the MX; block. In the M,X, block, two
intermediate layers are stacked one above the other;
atoms of one layer and interstices of the second layer
are superposed. The upper and lower halves of the
M.,X, block are similar to those of the MX; block but
they are translated with respect to each other by Ty,x,
= —~aB,_— 1bg, (referred to hexagonal axes) or Ty,x,

=lagy (referred to orthohexagonal axes). In the middle
of the block, adjacent rare-earth atoms would be too
close; they are thus shifted by +0-108cyx, along c. The
1deallzed point positions and the relative *block dimen-
sions have been obtained by assuming equal X-X
distances. Referring to hexagonal axes the cg,/agp;
ratio is then (2/6+ y/5)/6 for the M,X, block, which
means that this block is 1-456 times higher than the
other two blocks.

For a stacking together of these three types of blocks
one has to consider

(@) a possible intraplanar translation of the top
welding layer with respect to the bottom welding layer
of a block;

(b) a possible relative rotation of adjacent blocks.
Since the top welding layer in the MX; block is exactly
above the bottom welding layer, MX; blocks can be
stacked without intraplanar translation: Tyx,=0.
However as shown above in the M,X, block the top
welding layer is displaced by Ty,x, =32, —3bs, and in
the M,X; block by Ty,x,= —3ap.—3bg.. Thus it is
necessary to give proper displacements to adjacent

STRUCTURE BLOCK STACKING IN

INTERMETALLIC COMPOUNDS. 1

(i)

Fig. 2 (¢). M,X; block. (i) Projection along coy OF ¢gy. (ii) Pro-
jection along by (black circles with y=0).
Point positions (z value always being referred to MX;s or
M,X, block height. For full height of block z=1-45).
(@) Referred to hexagonal (b) Referred to orthohex-

axes agonal axes
(@sL, CoL, CpL/@BL=(2)/6+V/5)/6) (Gon=asL, bon=as. . |3,
Con=~CpL)

caL/apL = 1456 . (ceL/@BL)Mxs

$X: 13145, 33145, $X: 50145,
44145, 1221456,

11456

1M: 32106, 2M: 10 1-06,

2X: 100-95,, 040-95, 4X: 120-95,, +[330]
1310-955

2X: 334, 34 4X: 034, 034

1M 000-39; 2M: 000:39;

3X: 100, 010, 310 $X: 100, 130, $30

blocks. To facilitate the correct description of the
stacking of the structure blocks, reference atoms can be
taken in the bottom and top X layers, the welding
planes of the blocks. In the projections along apy or
bow shown in Fig. 2(a), (b) and (c) these reference atoms
are in the projection plane, i.e. at x=0 or 3»=0 respec-
tively and are represented by black circles. The blocks
always stack in such a way that the reference atoms lie
in the middle of the projection of the bottom welding
layer.

Since the welding layer has sixfold symmetry, rota-
tion of any block by 0°, +60°, +120° and 180° brings
its bottom welding layer into coincidence with the top
welding layer of an underlying block. The MX; block
has itself hexagonal symmetry, thus a rotation by
+60°, +120° or 180° gives the same result as no rota-
tion at all. If we consider two M,X, blocks, a rotation
of the top one by +60° is the same as a rotation of
180°. Further, rotation by + 120° gives the same result
as no rotation. Thus for the stacking of M,X, blocks
only two possibilities need to be considered, that is no
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rotation or a rotation by 180° around cg,. With the
M, X, blocks there are, however, four different pos-
sibilities corresponding to a rotation of the top block
by 0°, +60°, +120° and 180°. The stacking of M,X,
and M,X, blocks is schematically presented in Fig. 3.

The hexagonal-rhombohedral M, +, X, series

This structure series has already been discussed by
Khan (1974a) assuming a stacking of blocks of different
sizes.* In the rhombohedral subseries, the stacking of
M,X, blocks is described only by the intraplanar
translation Ty,x, while in the hexagonal subseries suc-
cessive M,X, blocks are derived from one another by
translation followed by a rotation of 180°. One example
of this series, the structure of PuNi,, will now be
demonstrated in order to familiarize the reader with
the various structure blocks defined in this paper. The
block stacking for the rhombohedral PuNij; structure
type is shown in Fig. 4. Since there is an alternation
of MX, blocks with M,X; blocks a projection along
agy was chosen for the graphical representation. In
this case the reference atoms of all the displaced struc-
ture blocks remain in the plane of projection. The
individual atom parameters can be obtained easily with
the help of Figs. 2(a) and 2(b).

For each structure type it is possible to formulate a
minimum block sequence which leads to the complete
structure after repeated stacking with the same orien-
tation for the rhombohedral series, or alternate rota-

* Khan has given for this structure series the different gen-
eral formula RT s, 4+ 4)/(n + 2), # being zero or any positive integer.

Angle of rotation of
successive M, X, or
M,X, blocks

0°
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tion of M,X, block for the hexagonal subseries. For
example, in the case of PuNi;, the minimum block
sequence consists of one M,X, and one MX; block.
The height 4 of this minimum block sequence is related
to the composition of the M, ., Xs,_; compounds. The
hexagonal or triple hexagonal cell dimensions are
given in the left hand part of Table 2.

A graphical survey of structure types of the
M, .1 Xs,—; structure series is presented in Fig. 5. Here
only contour lines of the structure blocks are shown.
Referring to the projections along aoy shown in Figs.
2(a) and 2(b), an MX; block may be represented by a
rectangle and an M,X, block by a parallelogram after
joining the black reference atoms. To clarify the figure,
15 has been printed inside the MX; blocks and 24
inside the M,X, blocks. If the sums of the printed
numbers in the minimum block sequence are formed,
first ciphers separately from the second ciphers, the
two totals correspond to the overall composition
formula for the particular structure type.

Other subseries can be constructed by assuming
more complex stacking sequences of the M,X, blocks.
For example in the Laves phases other than MgZn,
and MgCu,, at least five other stackings are known. In
the case of MgNi,, the M,X, blocks are alternately
rotated by 0° and 180°.

The monoclinic subseries of the M, +,X;,+, structure
series

A study of the Zr,Ni; and PuNi, structure types reveals
that these two types belong to the monoclinic subseries
of a new series involving M, X, blocks and MX; blocks.

120° 180°

Position of successive
M,X, blocks inthe
M;,9Xg4-¢ Structure
sefies

Position of successive
M,X, blocks inthe
M., 1 Xgp,2 Structure
series

Monoclinic subseries

Orthorhombic subseries
Trigonal subseries

Hexagonal subseries |

Fig. 3. The different possibilities of stacking of M,X, and M,X; blocks.
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Table 3. Structure data for Zr,Ni, after Eshelman &
Smith (1972) together with modified data which permit
a transformation to a smaller unit cell

C2/m (No. 12), Z=4
aps =4-698, bps =8-235, cps=12193 A, Bes=95-83°

x y z
Zrin 4(i) 0-2115 — 0-221 0 0-6133 — 0-615
4(i) 0-2695 — 0-279 0 0-8840 —> 0-885
Niin 4(i) 0-2561 — 0 0-2460 — }
8(/) 0-2075 —0-205 0-1625 — 0-165 0-0762 — 0-078
8(/) 02974 —0-295 0-1679 — 0-165 0-4208 — 0-422
8(/) 0-5033 — 4 02464 — } 0-2507 — %

The Zr,Ni, type is the first member of this series and
may be constructed by stacking M,X, blocks alone.
The block-stacking model for this structure type shows
that it should be possible to describe this structure
type with a unit cell of half the volume of the one given
by Eshelman & Smith (1972). The structure data for
Zr,Ni, as published by Eshelman & Smith are sum-
marized in Table 3. Allowing for small changes in the
point positions of less than 0-05 A a unit-cell transfor-
mation can be made which leads to a smaller mono-
clinic unit cell (an,bpcar.P4). The following vector
relations may be written:

Ay = —ags, byy= —bgs, €y =Taps+Jegs
from which follows:

len] =3V (aks + chs + 2agsces cos Bes)
and

. ¢ .
Sin By =4 —=- . sin fis .
Cm

MX,, MX 5

Hexagonal subseries

with spacegroup

P6,/mmc (No.194) (15 ]
N 24\ [ 15 ]
/[ 24/
Mgan CeNis

Rhombohedral subseries
with spacegroup
R3m (No.166)

MgCu,

PuNig

STRUCTURE BLOCK STACKING IN INTERMETALLIC COMPOUNDS. I

The new structure data for the Zr,Ni, type are sum-
marized in Table 4. The origin of the new small unit
cell has been shifted by 004 so that the (001) plane is a
welding plane for the structure blocks and a block

Fig. 4. Block stacking for the rhombohedral PuNij; structure

type.
MZXT M5X19 MX 4
15
15
15 15
15 15
15 15 24
15 24 15
24 15 15
15 15 15
15 15 15
24 24 24
CeNi, SmeCoyq ;‘ TS
1 15
e | 15
: 15 1 15
' 15 | 24
. i 18 ! 15
] 15 ! 24 R
! 15 | 15 : 15
! 24 ! 15 | 15
! 15 |' 15 i 24
i 15 b /24 )
! 24 115 115
L[ 15 : 15 : 15
| 15 ) 15 1 15
24 i/ 24 1/ 24
6d,Co, CegCo,q

Fig. 5. The crystal structure types of the hexagonal-rhombohedral M, ,Xs,_; structure series described by stacking of M,X,
and MX; structure blocks. 24 denotes an M,X, block and 15 an M X, block.
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reference atom is at the origin. The stacking of the
M, X, structure blocks in the Zr,Ni, structure type is
shown in Fig. 6 together with the old and the new
monoclinic unit cells. Since the stacked M,X; structure

|

Fig. 6. Block stacking for the monoclinic Zr,Ni, structure type.
Eshelman & Smith described the structure with the large
unit cell (ags,bes,Ces,Pes); it is possible, however, to use a
smaller monoclinic cell (@ar,br,Ca1,B)-

Fig. 7. Block stacking for the monoclinic PuNi, structure type.

1885

Fig. 8. Block stacking for a hypothetical M,X;, structure, the
n=3 member of the monoclinic subseries of the M, ;;Xs, ;2
structure series.

blocks are translated by Ty,x,=3aoy referred to the
orthohexagonal axes given in Fig. 2(c), a projection of
the blocks along by is suitable to present the stacking
sequence. The minimum block sequence in this case is
a simple M,X, block. Stacking of three blocks leads to
an identity period along the pseudohexagonal axis just
as in the rhombohedral M, ,;X;s,_, series. However,
since the M,X, block has by itself no hexagonal sym-
metry, a rhombohedral description as above is impos-
sible. The proper crystallographic unit cell is mono-
clinic and contains the atoms of a simple M,X; block.
If & is the height of the minimum block sequence (here
one M,X, block), the dimensions of the monoclinic
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Table 4. The new description of the Zr,Ni, structure
with the theoretical values given in parentheses

C2/m (No. 12), Z=2

an=4698, by =8235, cp\y=6307 A, frr=10592° (105-7°)
bulay=1-753 (1-732), culam=1-342 (1:235)

X y z

Zr in 4() 0-393 (0-414) 0 0:729 (0-730)
Ni in 2(a) 0 0 0
4(e) 1 i 0

8(j) 0-127 (0-114) 0-165 (3) 0-344 (0-344)

Table 5. The structure data for PuNi, after Cromer &
Larson (1960) with the theoretical values given in
parentheses

C2/m (No. 12), Z=6

ay=4-87, by =846, cpy=10-27 A, Bir=100° (99-1°)
bulay=1-737 (1:732), cmlay=2-108 (2:033)

x y z

Pu in 2(a) 0 0 0
4()  0-1263 (0-119) 0 03552 (0-363)

Ni in 4(g) 0 03331 (H) 0
4(0) 0-5712 (0-567) 0 0-1987 (0-204)
8(/y 03199 (0-317) 0-2507 (%) 0-1993 (0-204)
8(j)  0-1422 (0-136)  0-3300 (%) 0-4066 (0-407)

cell are given by

i 2
Ay = —aop, by = —boy, ley|= Vh2+ (a(;") ,

tan (B —90°) = %)}?—l .

The idealized point positions for the Zr,Ni, type re-
ferred to the proper monoclinicaxes have been calculated
from Fig. 2(c) and added in parentheses to the trans-
formed experimental values given in Table 4.*

The next member in the monoclinic subseries with
n=2 has the crystal structure of PuNi,. A block
stacking for this structure type is shown in Fig. 7.
There is an alternation of one M,X; block with one
MX;s block. The experimental unit-cell data and
atomic positions are listed in Table 5. The values in
parentheses have been calculated assuming ideal block
structures with data listed in Figs. 2(a) and 2(c).

The block stacking of the hypothetical M, X, struc-
ture obtained with #=3 is drawn in Fig. 8 and the cor-
responding monoclinic point positions are given on
Table 6. The unit-cell dimensions for higher members
of the series can be obtained from the general formulae
given in the right-hand part of Table 2. The point
positions are easily calculated from Figs. 2(a) and 2(c).

* These values have been obtained from those given in
Fig. 2(c) by applying the following procedure: (1) Multiply
Xorthonex @Nd Yornonex DY — 1 to assure that the final monoclinic
cell has Sy >90° (2) Divide normalized z values by 1-45¢ to
obtain true z values. (3) Add one third of true z values to the
x values to obtain x values which apply to monoclinic unit
cell. (4) Add % to x values to have a black reference atom at
the origin.

STRUCTURE BLOCK STACKING IN INTERMETALLIC COMPOUNDS. I

The other subseries of the M, +,X;,+, Structure series

Whereas in the monoclinic subseries the stacking of
M, X, blocks involves only the Ty,x, translation, new
subseries are generated when successive blocks are not
only translated by Ty,x, but also rotated by 60°, 120°
or 180°. At present no structures of these subseries are
known.

Rotation of successive M,X, blocks by 60° leads to
a hexagonal subseries in which the structures have space
group P6,22. But since the identity period along the
hexagonal axis is six times the minimum block se-
quence 4, compounds with this hexagonal symmetry
are unlikely to be found. Rotation by 120° generates
a trigonal subseries with space group P3,12. Finally
with a rotation by 180° an orthorhombic subseries is
obtained with space group Cemm. The block stacking
for the orthorhombic M,X; structure is presented in
Fig. 9 in projection along boy. The point positions of
the structures with n=1, 2 and 3 for the monoclinic,
hexagonal, trigonal and orthorhombic subseries are
reported in Table 6. As for the M, Xs,_; series,
other subseries can be constructed by assuming more
complex stacking sequences of the M,X, blocks.

A graphical survey of possible orthorhombic and
monoclinic structure types of the M, , X5, ., structure
series is presented in Fig. 10. Only contour lines of the
structure blocks are shown. Referring to the projec-
tions along boy shown in Figs. 2(a) and 2(c) an MX;
block may be represented by a rectangle and an M,X,
block by a parallelogram, after joining the black

]

Fig. 9. Block stacking for an orthorhombic M,X;, structure,
the first member of the orthorhombic subseries.



1887

E. PARTHE AND R. LEMAIRE

AYdvi30)|pisk1)) Ava-) 40f $2)qU] [DUOIIDUIZIU] UL UDA

¥

¥
LY6€-0
LY6€-0
1L9%-0
£22€-0
SISY-0
£2T€-0

z

4

T
8I6€-0
LESY-0
wﬁmem.o

T
LIEY-0
z

¥8L0-0
8¥8¢-0

A OO RO RO

OO A= O

A Ot O

(€214
(8)8
(N3
@91
)91
)91
(s
(N8

=

ur X

ur W

R rnri o Jano vl
.<

v=2Z ‘v¥9-¢="00[%

(3)8
()8
()91
(91
@
N8

(4= IO 4y

e

ur X
ul W

R oo |

U =Z ‘110-y =092/

g Ow

Z (98

£ @o1 urx
+ (s urp
X

v=2Z ‘8LE-T="09/%

€A =0°0/°q (€9 "ON) W)
$31I9SqQ NS dIquOYIoYLIO

4o w|o

¥8I11-0
¥811-0
2¢0L0-0
°0L0-0
¢0L0-0
0T20-0
02200
¥811-0
£2€0:0
z

8860-0
8860-0
8860-0
60€0-0
60€0-0

$$¥0-0

2

¥
T¢50-0
T250-0
L9L0-0

z

0

it o et

olwolwow @olw_[0_oolo lo_ljom]
e =S b e et

o

o0

0]
<2

[

im_‘]w_‘lmolnoc[
[y %

e

000 @
o

e

N

~|

=)

Il

oo
I

~ o

0] [
i

!

OHI+E+HCDTF 10T DT @COF
imou aie ()91 uonisod jutod JeIsusl ay3 Joj suonisod jusjeAnba Jo $31BUIPIOOS YT ‘USSOYD UISq SBY
3 1By} WOy uaIgIp €9 "oN dnoid soeds 10j Sunias e sad£1 210319N1S J9YI0 3Y) YiIM uosLedWod 19)19q B MO[[B O]

5 (9
T (09
& 9
& (0)9
L ()9
3T )9
= 09
0
& (@9 ur x
7T )
v (9 uwuw

X

Z ‘599p-8="lp[iLo
2 (9

5 @x

& ©)9

1T )9

A ©)9

A ©)9

5 @)y ux
st (@)

T un
X

Z ‘0L10-9=¥1p/%1)
S ()3

...WW ()9

% 09

& ©)y ux
7T ) unw
X

€=Z ‘SL9G-¢ =¥ /il

(IST 'ON) 21'ed
soLIasqNs [euosLy

0

¥
°60¢-0
°60¢-0
16820
1682-0
168¢-0
0192-0
0192-0
760¢-0
29920

z

¥66C-0
¥66C-0
¥662-0
§69C-0
§692-0

LTLT0

0

¥
19L2-0
19L2-0
£882-0

4

T (v
§F u
i @
i @u
£ Ou
0 Ou
!
A
¥
0o u
0o zI
X

=Z

B == D Moo o N O = O

9

o)1
©)1
©)r
o)
)1
o)t
()9

6741

R O mntmdnme N R O rorncin e o

I

(2)9

(»z1
)1
@4
()1

A O IO 0 A O O annddno O

uar X
ur W

‘0£€6-91 ="40/"o

ur X
ut ;N

‘Ov€0-cI=Ho[Ho

ur X
urw

9=27 ‘0S¢1-L="p[H>

(8L1 "ON) 7T'94
$91198(NS [RUOBBXIH

0
062C-0
0
vev-0
062-0
Svi-0
£0v-0
SyI-0
z

0 0
0 L1600
¥ ¥
¥ 1o
¥ LvEo
¥ 800
0 €££90
0 8¥S-0
d X

)z
y
@
(8
8
(N8
0y
"y

ar X
ur N

T=2Z ‘oL-96="4 ‘T¥8-T="D[">

¥02-0
0

LOv-0

v02-0
0

£9¢-0
z

aInionas YINng
)y
(3

L9S-0
0
9¢1-0
L1g-0
0
611-0
x

A OOt O

(Ng
(Ns
(v
(&7

ur X
ur W

9=2Z .1-66="¢ ‘c€0-z="p/">

T=Z L-S01 ="g ‘SET-1=Hp[">

aInyonas LINGIZ

0 0
¥ ¥
% PII0
0 ¥Iy0
d x

(2)e
@)
()8
v

X
ut W

gA="o/"q ‘(1 "ON) /7D

$a1435 24njonays TSN oY1 dof vivpp 24n1onIs poIDINOIYY) 9 SR

SOLIISQNS OIUI[IOUOIN

c=u
:xvz

t=u
XN

[=u
TN



1!

1888 STRUCTURE BLOCK STACKING IN INTERMETALLIC COMPOUNDS.

reference atoms. As above, 15 has been printed in the
MX; blocks and 27 in the M,X, blocks. The sum of the
printed ciphers gives the overall composition formula
of the particular crystal structure type.

Characterization of the compounds of each series

No matter to what series a compound may belong, it
has always been found to crystallize in the form of
platelets perpendicular to cg. along which the layers
are stacked. Compounds of the M, ,,Xs,_, series are
tough and brittle whilst those of the M, (X, , series
are soft and present a graphite-like texture with
cleavage planes perpendicular to ¢. These differences in
mechanical properties depend neither on the composi-
tion nor on the subseries symmetry. They come from
the differences in the building elements of each series
i.e. M,X, and M,X; blocks.

In MX, and M,X, blocks, all atoms are situated in
high-symmetry positions. An overlap of 4 orbitals can
occur and could be responsible for the brittleness of
the M, ,,Xs,_, compounds. Such enhancement of the
metallic bonding is not possible in the M, X5,
series owing to the reduction of symmetry due to the
translation Ty,x, between the I’ layers. On the basis
of a hard-sphere packing model, the M atoms and the
X atoms are in contact with like atoms in both M,X4
and M,X; blocks. In MX; blocks, there is no contact
between M atoms, X atoms touching either X atoms or
M atoms. However in M,X; blocks, the M atoms are in
contact with some X atoms. The shortest interatomic
distances in the three blocks are shown in Table 7. The
toughness of the MX; phase reflects a strong cohesion
of the W and I layers. The substitution in the MXj5
blocks which generates the M,X, blocks introduces
contact between M atoms. The I’ layers are deformed
but keep their cohesion because of the new bonding
between M atoms. In the M,X; blocks, the deforma-
tion associated with the stacking of the two I"' layers
prevents contact between M and X atoms within each
I'" layer. Consequently the stability of I’ layers

Table 7. Interatomic distances in the three structure
blocks with the number of neighbours given in parentheses

Xw belongs to the welding layer, X; and M; to an intermediate

layer I, I’ or I”
MXs M.X, M.X,
Xw—Xw (4) 05 apL (4) 0:5 asL (4) 0'5 asL
Xw-Xr 4) 05 agL (2) 05 asL (4) 05 agL
Xw—M; (4) 0-645 ag. (6) 0-586 apL (4) 0-594 ap
X —Xw (6) 0-5 asL (6) 0-5 ap, (3) 05 apL
Xl —X1 (2) 0-5 asL
X; =X, (3) 0-577 ag. ) asL (3) 0:577 apL
X[ —M, (1) 0:569 apL
X —M; (3) 0-577 asL (6) 0-586 ap.. (3) 0-584 apL
M, —Xw (12) 0-645 ag, (9) 0-586 agp. (6) 0-594 as.
M,—-X, (2) 0-569 agL
M—X, (6) 0-:577 apL (3) 0-586 apL (6) 0-584 ap.

(2) 0-816 apL

(4) 0-612 ap,

(2) 0:640 ap.

Relations between F(hkl) values

Conditions for
possible reflexions

hkl: —h+k+1

hhl: 1

4
9-79
6'53

hexagonal or pseudo-hexagonal unit cell
n

Idealized c/a ratio
n=3

n=2

Subseries
J rhombohedral

Table 8. Axial ratio, conditions for possible reflexions and relations between F(hkl) values for the various structure series, always referred to a
1 hexagonal

Structure
series

according to space group R3m
according to space group P6;/mmc

=3n only
2n only

3ny2/Y3
2ny2/y3

7-35
4-89

9
3-27

4-8

1-6

Mn+lX5n—l

=|F(khD)|, |F(hil)]=|FGhD)\,| F(kil)|
=|F(hkl)|

|F(hkl)| =|F(khD)|, |F(hiD)]=|F(ihD),} F(kiD)

according to space group P6,22
according to space group P3,12
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M_X

Orthorhombic subseries
with spacegroup
Ccmm (No.63)

Monoclinic subseries
with spac p
C2/m (No12) -

[21]
[/
21/

Zr2Ni7

1889

H
H
3
a
n
n

PuNig

Fig. 10. The orthorhombic and monoclinic crystal structure types of the M,..1Xsa+2 structure series described by stacking of
M,X; and MX; structure blocks. 27 denotes an M,X; block and 15 an MX; block.

must decrease, giving rise to the observed cleavage
planes.

In conclusion, the structure series to which a given
crystal belongs can be deduced from the mechanical
properties. Weissenberg or precession photographs of
the plate-like single crystals should allow a determina-
tion of the subseries. It is experimentally convenient
to study the hexagonal or pseudo-hexagonal unit cell
which has its basal plane parallel to the main plane of
the platelet. In Table 8 are given the values for the c/a
ratio, condition for possible reflexions and relations
between F values for the different subseries, always
referred to hexagonal or pseudo-hexagonal axes. Once
the type of subseries has been found, the proper
crystallographic axes and point positions can be derived
from Table 2 and Figs. 2(a), 2(b) or 2(¢).
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