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Studies of Aluminium-Rich Alloys with the Transition Metals Manganese
and Tungsten. II. The Crystal Structure of §(Mn—Al)-Mn,Al,,

By J. A. BLanp*
Crystallographic Laboratory, Cavendish Laboratory, Cambridge, England

(Received 10 December 1956 and in revised form 19 August 1957)

Crystals of the triclinic alloy phase ¢(Mn-Al) with an ideal formula Mn,Al;; have been isolated
from a ternary melt containing zinc. The space-group symmetry was found to be PI, and the
precision lattice constants measured as a = 5092, b = 8:862, ¢ = 5:047 A, o =85°19, g =
100° 24’, y = 105° 20". The approximate structure has been determined by direct methods and
has been refined by difference syntheses. Abnormally short distances occur in the same orientation
as in MnAl,, relative to the transition metal atom. The relationship between the crystal structures
of §(Mn—Al), MnAl; and WAI, is considered in terms of similarly shaped co-ordination groups and
well defined layers of atoms; the pattern of sites in each layer is derived from a crumpled 5-con-
nected net. Related structures in the Fe—Al and Co-Al systems are discussed.

1. Introduction

The Mn-Al system was investigated crystallographi-
cally by Hofmann (1938), who found the cell constants
of three phases: §(MnAlg), y(MnAl,) and e(MnAly).
Complete data have not previously been available for
&(Mn-Al) although Hofmann examined this phase and
suggested that it is monoclinic or triclinic with two
repeats of approximately 5 A at an angle of about 101°.
No determination of the chemical composition of this
phase has been reported, but Raynor & Wakeman
(1947) suggest that it may be MnAl,. As a result of
the present work it has been found that the structural
formula of é(Mn—Al) is Mn,Al,;, so that the aluminium
content is lower than that previously suggested.

2. Specimens

The following materials were used in the preparation:

(i) Pure zinc. The elements detected spectrogra-
phically were lead, cadmium, iron and calcium;
the amount of each did not exceed 0-001%,. This

* Now at the Physical Metallurgy Division, Mines Branch,
Department of Mines and Technical Surveys, Ottawa, On-
tario, Canada.

material was kindly presented by the Imperial
Smelting Corporation Limited, of Avonmouth.
(ii) Super-purity aluminium kindly presented by the
British Aluminium Company Limited.
(iii) Pure electrolytic manganese obtained from Messrs
Johnson, Matthey and Company Limited.

The specimens were prepared by the method de-
scribed by Raynor & Wakeman (1947). Single crystals
were extracted electrolytically from slowly cooled zinc-
rich alloys containing aluminium and manganese. I am
indebted to Dr P. Vousden for making the ingot
which contained crystals of the § phase. The crystals
have a tabular habit with well formed, highly reflect-
ing faces, and an initial study of the morphology was
made with an optical goniometer. The measurements
of angles are consistent to within +3’ so that an
accurate determination of the cell constants and
symmetry could be made (Table 1). The symmetry is
triclinic but pseudo-monoclinie, and most of the faces
have opposites which suggests the presence of a centre
of symmetry.

The X-ray photographs obtained from a ¢(Mn-Al)
crystal containing a small amount of zinc were shown
to be identical with those recorded using a single
crystal of 6(Mn-Al) obtained from a binary melt.
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Table 1. Unit-cell constants of 6(Mn-Al) and MnAly
6(Mn-Al)
Primitive cell (p)

a = 5:09240-003 &, b = 8-862+0-005 A, ¢ = 5:04740-003 A
o = 85° 19’45, B = 100°24'+5, » = 105° 20’ + 5

Pseudo-monoclinic cell, C-face centred (m)
a = 5092+0-003 4,5 = 17-0984+0-010 4, c = 5-04740-003 A
o = 92°52'45, B = 100°24"+5, y = 88° 38" +5
a:b:c=02978:1:0-2951

Optical measurements

o« = 92°48’, B = 100° 30", = 88° 32’
a:b:c=02980:1:02952

MnAl, (Nicol, 1953)

@ = 4-98114+0-0005 &, b = 3(17-7406)+0-0005 A,
¢ = 4-981140-0005 A
o= 90°, B = 98°34’, y = 90°

A ternary crystal was selected for the structure deter-
mination because its shape was more suitable for the
collection of accurate intensities than a thin plate of
the binary compound. In addition, the composition
of the ternary was known with a moderate accuracy
whereas a sufficient number of binary crystals could
not be obtained for chemical analysis or density deter-
mination; the electrolytic method of extraction was
not successful with binary ingots containing the §
phase.

Three chemical analyses of the ternary crystals were
made: the first two by Messrs Johnson, Matthey and
Company Limited, and the third, using a spectro-
graphic method, by the Admiralty Materials Labora-
tory. Although the crystals came from the same melt
the results cover a range of compositions:

Mn Al Zn
1. 4]1-8 53-75 4-051 wt. %
2. 38-2 582 3-81* wt. %
3. 354 61-0 3-6* wt. %

1 Neglecting trace impurities. * Avarage of two analyses.

which correspond to:

Mn Al Zn
1. 27-0 70-8 2:2 atomic 9%,
2. 23.9 74-1 2-0 atomic 9%,
3. 21-8 76-4 1-9 atomic %

From these estimates it is possible to give a range
within which the composition of the binary must lie.
Allowing for the replacement of either aluminium or

manganese by zinc the extremes of the range are:
Mny, Al Mng,Al,, atomic?, .

The ideal composition obtained by crystallographic
considerations (§ 3) is:

Mys.7Az3.3 atomic% ,

which corresponds to the formula Mn,Al,;.
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A determination of the density was made by the
method of flotation; the mean value of several mea-
surements was 4-1+0-1 g.cm.™3,

3. The unit cell and symmetry

The unit-cell edges and interaxial angles of a single
crystal of J(Mn-Al) were measured with a Geiger-
counter spectrometer by the method of Weisz, Cochran
& Cole (1948). Alternative unit cells are listed in
Table 1, together with the results of the optical ob-
servations. A primitive unit cell (p), space group P1,
has been chosen with « acute, which is unconven-
tional but is suitable for comparison with related
structures. The other cell (m) is C-face centred and
pseudo-monoclinic; it is suggested by the external
morphology of the crystal. Relations between these
alternatives are represented by the following equiva-
lent directions:

[100], = [100],,; [010], = [T10],; [001], = [001],,.

The pseudo-monoclinic cell is more convenient for the
structure determination and, except where indicated,
directions, indices and atomic positions will be referred
to this cell. Analysis of the intensity distribution of
X.-ray reflexions using the method of Howells, Phillips
& Rogers (1950) supports the morphological evidence
for the presence of a centre of symmetry.

Both WA, (Bland & Clark, 1958) and MnAl,
(Nicol, 1953) have unit cells which are closely related
to the cell 7. The primitive cell of MnAl;, Table 1,
containing 2 Mn and 12 Al atoms, has a volume of
1x435:4 A3 and the 6(Mn-Al) cell (m) has a volume
of 432:3 A3, We therefore expect the latter to contain
28, 30 or 32 atoms, and, since the manganese content
is higher than that of MnAl,, 6 or 8 of these atoms
will be manganese. One important structural feature
of complex aluminium-rich alloys is that the first-
order co-ordination of the transition metal atom is
usually irregular, that is, a transition metal atom does
not usually lie on a centre of symmetry. It follows
that the most likely number of manganese atoms is 8,
occupying two sets of fourfold general positions. All
the chemical analyses agree that the zinc content is
about 2 atomic%, but it is not known whether the
zinc replaces manganese or aluminium. The cal-
culated density on the basis of 28 atoms per cell, with
zinc replacing aluminium, is 3-85 g.cm.~? and for 32
atoms per cell, with zinc replacing manganese, the
density is 4-2 g.cm.~%. Both values are on the limits
of the range of density measurements namely, 4-1+0-1
g.cm.~3. The composition MngAl,, gives a density of
405 g.cm.~® with zinc replacing aluminium and 4-0
g.cm.~® with zinc replacing manganese; this formula
is therefore favoured by the density measurements,
and is confirmed by the structure determination.

4. X-ray intensity data
Reflexions from the four zones [101], [101], [100] and
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[001] were collected on zero-layer Weissenberg photo-
graphs from the crystal used in the determination of
the cell constants; for each photograph the cross-sec-
tion was rectangular with approximate dimensions
0-04x0-09 mm. A pack of four films was used for each
exposure with Mo K« radiation and the intensities of
the reflexions were estimated by visual comparison
with an intensity scale. Lorentz and polarization cor-
rections were applied to each reflexion.

The observed I(kkl) values were placed on an ap-
proximately absolute scale and the corresponding
unitary structure factors were determined using the
method advocated by Lipson & Cochran (1953):

where

U (hkl) = unitary structure factor of a particular re-
flexion,

I(hkl) = measured intensity of that reflexion on a

_ relative scale,

I = average of intensities in the same region of sin 6/2,

n; = fraction of total cell content of electrons asso-
ciated with jth atom,

N = number of atoms in the unit cell.

For §(Mn-Al) we have

N 3
{2l = 021,
=1

5. The approximate structure

(i) The method of Harker—Kasper inequalities applied to
the hkh reflexions
There are about 15 reflexions in the [101] zone with
unitary structure factors greater than 0-25 (Table 2),

Table 2. Unitary structure factors and signs for fi'fteen
reflexions in the zone [101]

Douglas~ Harker—
Cochran  Kasper
Indices U signs signs hkl RET

313 0-65 + + .
282 0-59 + + } Given  —
016,0 045 + + 080 080
171 041 + + 282 313
282 0-36 + + 282 0,16,0
191 0-25 + 313 282
080 0-57 a a Given —
373 050 a a 313 080
1151 042 a a 171 080
2,162 055 a a 282 080
202 0-37 a a 282 080
393 0-54 a a 313 080
171 0-41 b b Given —
262 0-34 b 171 313
0,140 0-30 b b 171 171

and sign relations between them were found by
applying the general inequality relation of Harker &
Kasper (1948):

ALUMINIUM-RICH ALLOYS WITH MANGANESE AND TUNGSTEN. II

UYL U (WET)2 < (1L UR+H, k+E', 1+1)}
< (12U (h—k, k=K', 1-1')} .

Two reflexions, 313 and 282, were given + signs,
thereby fixing the origin on one of the four inde-
pendent centres of symmetry, and the signs of 080 and
171 were designated a and b respectively. The re-
maining 11 signs were then found in terms of ¢ and b
by successive applications of the general inequality
relation; they are listed in Table 2. In this way four
possible sets of signs were derived, according to the
signs selected for a and b, and the corresponding Fou-
rier syntheses were computed. The coefficients were
the F, values multiplied by a converging factor which
decreased linearly with decreasing sin 6. The electron-
density map corresponding to @ = — and b = + is
shown in Fig. 1; the peaks 4 and F are identified as

Fig. 1. The asymmetric unit of the first F, synthesis of
6(Mn-Al) in the [101] direction using 15 terms with signs
derived by Harker-Kasper inequalities. A converging factor
has been applied; the contours are at equal arbitrary inter-
vals. or is the projection of }(a+c) and ou is the projection
of }b.

manganese atoms, the peaks B and E as superposed
aluminium atoms, and single aluminium atoms are
assigned to the peaks I and K. The arrangement of
atoms at y ~1/16, peaks 4 and E, and at y ~ 3/16,
peaks B and F, can be interpreted in terms of the two
similar layers shown in Fig. 2(a) and 2(b), viewed in
the [101] direction. The centres of the peaks were
estimated graphically and the double aluminium atoms
were assumed to superpose exactly. On this basis the
F. values were found to be in reasonable agreement
with the observed F,’s and the approximate structure
was considered to be essentially correct. Although the
superposition in peaks B and £ of aluminium atoms
not crystallographically related greatly simplified the
determination of the approxzimate structure, it hin-
dered subsequent attempts at refinement on this
projection. The intensity data were therefore reserved
to check the final structure obtained from the other
projections.
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[101]
[101]

Fig. 2. The atomic arrangement in two layers of J§(Mn-Al)
parallel to the ac face of the unit cell, (a) at ¥y ~ 1/16 and
(b) at y ~ 3/16.

(ii) The Cochran—Douglas method applied to the hkh

reflexions

A set of signs also given in Table 2 was obtained
at an earlier date by Drs A. S. and A. M. B. Douglas
using the Cochran-Douglas (1955) method. The inten-
sities were recorded using a thin plate-shaped crystal
obtained from a binary alloy of aluminium and man-
ganese. On account of this unfavourable specimen shape,
the accuracy of the measurements was not high, but
it was sufficiently good for the correct signs to be
given to the most intense reflexions. In addition to
these, the signs of some higher-order reflexions with
moderate intensities were also derived. The correct
sign combination thus obtained did not, at the time,
lead to an acceptable Fourier synthesis. The reasons
for this failure were probably (@) the inaccuracy of
the intensities from the badly shaped crystals of the
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binary compound, (b) the use in the synthesis of all
the structure factors whose signs had been determined
rather than a smaller number of intense reflexions at
low angles—no temperature factor was applied so that
spurious ripples were obtained, and (c¢) the chemical
composition and density of the crystals were then
unknown and ideas concerning the most reasonable
trial structure had not been fully developed.

(iii) T'he method of Harker-Kasper inequalities applied
to the hkh reflexions
The signs of nine reflexions in the [101] zone were
also obtained by the application of the Harker—
Kasper inequality relation; they are listed in Table 3.

Table 3. Unitary structure factors and signs for nine
reflexions in the zone [101]

Harker—
Kasper
Indices* U signs hkl 1 4%
g,STO@,O 822 I } Given on projection [101]
111 0-25 + Given —
202 0-52 + Given —
313 0-68 a Given —
393 0-57 a 313 080
282 0-33 - 202 080
373 0-49 a 313 080
282 0-35 — 202 080

* Reflexions 080 and 0,16,0, common to Tables 2 and 3,
have different U values in the two tables on account of
different scaling factors.

The corresponding Fourier synthesis revealed the main
features of the structure on this projection and further
support was obtained for a structure consisting of
successive layers of the type shown in Fig. 2. Reason-
able agreement was obtained between observed and
calculated structure factors.

6. Refinement of the structure

From the approximate structure it was evident that
the atoms are clearly resolved on the [101] and [100]
projections and the refinement process was confined
to these directions. The [101] projection gave the
(v—z) and y parameters while the [100] projection
yielded the corresponding y and z values, and the co-
ordinates of each atom were found by combining the

Table 4. Final atomic co-ordinates in 6(Mn-Al)
Referred to primitive cell (p)

z Yy z
Mn, 0-3926 0-1334 0-3390
Mn, 0-8590 0-4022 0-7099
Al 0 0 0
Al 0-5339 0-1226 0-8462
Al, 0-8911 0-1264 0-4906
Al 0-3420 0-3716 0-5778
Al, 0-7242 0-3714 0-1960

Al 0-1869 0-3200 0-0574
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Fig. 3. The asymmetric units of the final syntheses (a) F,, in the direction [101], with ¢p and ¢n as the projections of }(a—c)
and }b respectively, (b) F,—F,, in the direction [101], (¢) F,, in the direction [100], with on and og as the projections of ¢
and }b respectively, (d) F,—F,, in the direction [100]. In (a) and (c) no F(000) term is included, no converging factor has
been applied and positive contours only are shown at regular arbitrary intervals (in each case), with the Mn interval twice
the Al interval. In (b) and (d) the continuous line is the zero contour, the broken line the first positive and the dotted line
the first negative contour. In (b) the interval between the contours is one-half the interval used in (a) for the Al contours;
in (d) the interval is the same as that for Al in (c). The final atomic shifts were calculated from (d).

two projections. Refinement was carried out by means
of F,and F,—F, syntheses; low-order reflexions were
used in the first few refinement cycles and higher
orders were introduced at each stage until all the
observed reflexions were included. The observed in-
tensities were scaled to give F, for comparison with
F, and an agreement factor B was progressively
reduced from 309, to 159% on both projections. The
co-ordinates deduced from the final F,—F, syntheses
are given in Table 4, referred to the primitive cell (p);
the matrix for transforming the atomic co-ordinates
from the primitive cell to the pseudo-monoclinic cell
(m) is:

‘fom Ym  Zm

zp 0
Yp

Zp

O W)
(=4

Support for the correctness of this structure is given
by the low agreement factors, in the region of 15%,
also obtained with reflexions in the [001] and [101]

zones; a total number of about 800 reflexions was
finally used. The final F, and F,~F, syntheses in the
[101] and [100] directions are shown in Fig. 3. A list
of observed and calculated F’s is given in Table 5.

7. Accuracy of the atomic co-ordinates

It is expected that the use of F,—F, syntheses should
remove the major part of the errors arising from the
use of a finite number of terms in the Fourier series
and overlapping of atoms. Errors corresponding to un-
certainties in the F,’s cannot be allowed for in this
way so an estimate was made of the corresponding
errors in the atomic parameters. The standard devia-
tion ¢(F,) in any one value of F, calculated from the
mean of F,—F, is 4:0, where F(000) = 243 on the
absolute scale. Using Booth’s (1946) expression this
gives the following standard deviations:

Mn: o(z) = 0-002 A, Al: o(z) = 0-004 A,

and, using Booth & Britten’s equation (1948), the
results are
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Mn: o(z) = 0:005 A, Al: o(z) = 0010 A .

The mean values of these two estimates were used.
The corresponding standard deviation in the inter-
atomic distances ranged from about 0-003 A to 0-015 A
and a significance level of 0-04 A was chosen, that is,
if two distances differ by more than 0-04 A then they
are considered to be significantly different.

8. Description of the structure

(i) A list of the contact distances for each atom is
given in Table 6. Nicol (1953) has suggested that

Table 6. Interatomic distances tn 6(Mn—Al)
All distances are in Angstrém units

Standard deviations: Al-Al 0-015 A; Mn-Al 0-012 A;
Mn-Mn 0-010 A

Mn;, 2418 (Aly); 2498 (Aly); 2525 (Aly); 2-529 (Aly);
2:536 (Aly); 2:541 (Aly); 2:600 (Al); 2-608 (Aly);
2721 (Aly); 2783 (Aly); 3-188 (Mn,); 3-198 (Mny)

Mn, 2447 (AL); 2-475 (Aly); 2:540 (Aly); 2:557 (Al);
2-660 (Aly); 2-743 (Aly); 2-744 (Aly); 2-753 (Aly);
2780 (Al); 2-815 (Aly); 3053 (Mn,); 3:198 (Mn,)

Al, 2740 (Ak); 2-740 (Aly); 2826 (Al); 2826 (Aly);
2:852 (Al}); 2-852 (Aly); 2:893 (Al); 2:893 (AL );
2:923 (Aly); 2-923 (Aly); 2:418 (Mn,); 2:418 (Mn,)

Al 2:653 (Aly); 2682 (Al); 2-772 (Al); 2:852 (Al);
2:886 (Aly); 2893 (Al)); 2-932 (Al); 8-109 (Al);
3-302 (Aly); 2-541 (Mn,;); 2-600 (Mn,); 2721 (Mn,);
2753 (Mn,)

Al,  2:679 (Aly); 2:749 (Aly); 2772 (Al); 2-825 (Al);
2-860 (Al,); 2-923 (Aly); 2:932 (Al)); 3131 (Aly);

3-239 (Al);
2-783 (Mn,)

Al;  2-608 (Aly); 2-625 (Aly); 2-677 (Aly);
2-681 (Al;); 2-886 (Aly); 2978 (Al,);
2:540 (Mn,); 2:744 (Mn,); 2-780 (Mn,)

Al 2:616 (Aly); 2-677 (Aly); 2682 (Aly);
2:861 (Aly); 2-976 (Al); 2-978 (Aly);
2-525 (Mn;); 2557 (Mn,); 2:660 (Mn,)

2-536 (Mn;); 2:609 (Mn,); 2:743 (Mn,);

2:679 (Aly);
2-529 (Mn,);

2:726 (Al);
2:475 (Mn,);

Al;  2:608 (Aly); 2-616 (Aly); 2:681 (Aly); 2:726 (Al);
2740 (Alg); 2-976 (Aly); 3:109 (Al); 8-131 (Al,);
3:239 (Aly); 3-302 (Al)); 2447 (Mny); 2:497 (Mn,);
2-815 (Mn,)

Al 7
y Aly
© ®
A|3 A|3

OAly 242 A
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‘normal’ values of Mn—Al ~ 2:68 A and Al-Al ~ 2-71 A
should be taken as a basis for comparison.

(ii) Both manganese atoms Mn, and Mn, have 10
aluminium neighbours if 2-82 A is taken to be the
maximum contact distance. This forms a natural
limit, for the next nearest neighbour from Mn, is at
3:19 A and the next nearest neighbour from Mn, is
at 3-05 A. The average Mn,-Al distance, 2:58 A, is
not significantly different from the average Mn-Al
distance, 2:56 A, in MnAl,, while the average Mn,-Al
distance is 2:65 A, suggesting that the two manganese
atoms have different radii in this structure.

There is a marked resemblance between the en-
vironment of Mn in MnAl,, Fig. 4(a), and of Mn, in
6(Mn-Al), Fig. 4(b); the tenfold co-ordination group
of aluminium atoms has a distinctive shape related
to the icosahedron with two vertices removed. The
environment of Mn, (Fig. 4(c)) is also similar to this
figure but is somewhat distorted. A striking feature of
this arrangement is that in each tenfold group the
abnormally short distances are in the same orientation
with respect to the central atom. Thus in MnAl; there
arc two Mn-Al, (2-44 A) contacts; in §(Mn-Al) the
corresponding contacts are Mn,~Al, (2-42 A), Mn,-Al,
(2:50 A) and Mn,-Al, (2-45 A), Mn,-Al, (248 A).

(iii) The aluminium-atom environments and contact
distances are discussed by dividing them into classes
according to the number of transition metals in each
co-ordination group (Table 7); this procedure was
used by Black (1955) for the analysis of the aluminium
co-ordinations in FeAl;. The atom Al in class 4 has
2 manganese and 10 aluminium contacts; Al; in class
B has 3 manganese and 8 aluminium contacts; and
each of the remaining aluminium atoms (Al,, Al,,
Al;, Al,) has 4 manganese and 7 aluminium contacts.

The variation in the interatomic distances for each
of these classes is compared with the corresponding
curve for FeAl; in Fig. 5. In both compounds there
is the same trend, namely, when the number of tran-
sition-metal neighbours increases so does the mean
transition-metal-aluminium distance. The opposite
trend would be expected if size factor alone were im-
portant, and Black has discussed this effect in terms

(b)

Fig. 4. Stereograms showing the environments of (¢) Mn in MnAl;, 10 Al atoms; (b) Mn,; in §(Mn-Al), 10 Al and 2 Mn atoms;
(¢) Mn, in §(Mn-Al), 10 Al and 2 Mn atoms.
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of a strong bond between unlike atoms; the data given
here support this hypothesis.

Table 7. Aluminium atom environments in 6(Mn—Al)

Mn contacts* Al contactst

Mean Mean
contact contact
Group Atom No. distance No. distance
At Al, 2 2418 A 10 2-847 A
6 2:724
Al 3 2-586 { or
8 2-823
Al 4 2-654 7 2-810
Al, 4 2-668 7 2-820
Al 4 2-648 7 2-733
Al, 4 2:554 7 2-788

* Using all distances < 2-83 A.

t Using all distances < 3-00 A, except for Al; (8 neigh-
bours), which has two neighbours at 3:109 A and 3-131 A.

1 Groups according to number of Mn contacts.

g 27F s
H e Y-
g5 X

S 5 925k N

S 3 2:5 {

e g

8 =)

=z 5 24F, A

2 3 4
Number of transition
metal neighbours

O For
X For

Fig. 5. The variation of the mean contact distances for the
neighbours of an aluminium atom in §(Mn-Al) and FeAl,.

& (Mn-Al)
Fe Al

It is of interest to note that aluminium both in
6(Mn~Al)and in MnAlghas 11 or 12 neighbours, whereas
in FeAl; (Black, 1955) and in Co,Aly (Douglas, 1950)
an environment of 10 atoms round each aluminium
is most frequent.

(iv) The sequence of well-defined planes of atoms
parallel to the (010) face of the crystal is a prominent
feature of the structure; there are eight of these layers
separated from each other by approximately 2-1 A.
Layers at y ~ 1/16, 7/16, 9/16, 15/16 are symmetri-
cally equivalent, each with the arrangement shown in
Fig. 2(a); the atom Al, at ¥y = 0 is midway between
the layers at y ~ 15/16 and 1/16 and the atom Al at
y = 1/2 is between the layers at y ~ 7/16 and 9/16.
« The arrangement in the layers at y ~ 3/16, 5/16, 11/16,
13/16 is shown in Fig. 2(b). This differs from Fig. 2(a)
in that Al; may be considered as belonging to the layer;
it is about 0-4 A from the mean level of the other
atoms. The sequence may therefore be written:
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y 15/16 1/16 3/16 5/16 7/16 9/16 11/16 13/16 15/16
Ad,x4, A, A4, A;xA, A, 4, 4,
1711 A

where A, is the arrangement shown in Fig. 2(a) with
the shared atom Al represented by x, and A, is the
slightly crumpled layer shown in Fig. 2(b). Thus 4,
is obtained from A, by removing one aluminium
atom, Al;.

(v) Related structures.—The similarity of the unit
cells of §(Mn—-Al) and MnAl; (Table 1) may be as-
sociated with the occurrence of the 4, net, Fig. 2(a),
in both structures. In MnAl; there is a sequence of
layers at intervals of 2-2 A parallel to the (010) face
of the primitive unit cell:

y 0 1/4 1/2 3/4 0
Bx A XxBxA4,xB
3(17-7 A)y—

where B is the arrangement shown in Fig. 2(a) with
the manganese atoms removed. Thus MnAl; consists
of an alternation of A4, sheets with other layers, B,
consisting entirely of aluminium atoms; the layers are
separated by single aluminium atoms, x.

WA], (Bland & Clark, 1958), has been discussed in
terms of 4, layers in which manganese is replaced by
tungsten; these layers also have single aluminium
atoms between them and there are additional sheets
of aluminium atoms arranged in an approximately
hexagonal net.

Schubert (1953) has pointed out that Fe,Al; is
related to MnAl,. The proposed structure is more
closely related to 6(Mn—Al)-Mn,Al,, for it contains a
sequence of A, layers in which manganese atoms are
replaced by iron atoms with single aluminium atoms
midway between the layers. Phragmen (1950) has sug-
gested that a phase with the formula (FeCu)(AlCu),,
with a very small copper content, may be isomorphous
with MnAl,. No detailed structure analysis of this
compound has been made, but it seems likely that it
contains layers similar to 4,.

The occurrence of similar tenfold polyhedra of
aluminium atoms in MnAlg, 6(Mn—-Al) and WAL, has
been noted previously. The same shape is found in the
proposed structure of Fe,Al, and a closely related,
tenfold polyhedron is observed round Co in Co,Al;
(Bradley & Cheng, 1938) and round Mn in S(MnSiAl)
(Robinson, 1952). In the ternary, the short distances
are again in the same orientation as the short distances

in MnAl,.
9. Discussion

The significance of the 4, and A4, layers, Fig. 2, in
relation to the classification of intermetallic com-
pounds is clear when it is realized that the 4, layer
is a crumpled 5-connected net; this array is shown in
Fig. 6 extending over several unit cells. An ideal
5-connected net with aluminium atoms on the lattice
points has a two-dimensional unit cell which is square
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©® Transition metal
O Al
@ Al 04 A from plane of other atoms

Fig. 6. The A, layer consisting of transition metal and alu-
minium atoms; & crumpled 5-connected net. The 4, pattern
is obtained by removing the aluminium atoms marked with
a cross.

with 6 A sides (Black, 1956). If some of the aluminium
atoms are replaced by transition-metal atoms and the
net is allowed to crumple, the 4, pattern is obtained
in which the square is replaced by the rhombus with
sides 5 Ax5 A at an angle of 101°; this is the ac unit
of the three structures MnAl;, 6(Mn—-Al) and WAI,.
Black has shown that the plane 5-connected net is
present in a large number of intermetallic compounds
and that it forms a convenient basis for the classifica-
tion of aluminium-rich structures with eight- and nine-
fold co-ordination of the transition-metal atoms. The
present work shows how the scheme can be extended
to structures in which the transition-metal atoms have
higher co-ordination numbers.

6(Mn-Al) exhibits characteristics common to other
transition-metal-aluminium alloys; these include pro-
minent layering, a zone of strong reflexions with
spacings corresponding to about 2 A and short inter-
atomic distances (Taylor, 1954). The successful ap-
plication of direct methods to the determination of
this structure may be attributed to the well defined
atomic layers associated with reflexions having large
unitary structure factors. Cochran & Douglas (1955)
have already shown that the application of direct
methods leads to the correct solution for the (known)
structure of Co,Al,.

ALUMINIUM-RICH ALLOYS WITH MANGANESE AND TUNGSTEN. II

The structure of y(MnAl,) is not known; there is no
obvious relationship between its unit cell and those
of either of the adjacent phases, f(MnAl;) and
0(Mn,Al;,) in the Mn-Al system.
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