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(1)
ABSTRACT

A study of the mercury-tin system has been made by
the application of thermal analysis and x-ray powder methods
in order to determine whether four hypothetical intermetallic
compounds of the compositions HgSnSS, HgSnl7, HgSnqq and
HgSng proposed by Professor Linus Pauling, exist. The ther-
mal analysis did not indicate the presence of these com-
pounds in equilibrium with the liguid phase. By x-ray pow-
der methods the occurrence of only two different phases was
established, one of tetragonal structure and identical with
that of white tin, and one of simple hexagonal structure as
has been reported by previous workers. The four intermetal-
lic compounds proposed by Professor Pauling do not seem to
exist. |

The structure of the sigma phase in the ilron-chromium
system at 46,5 at. % chromium content has been successfully
determined by the application of x-ray diffraction methods.
The structure is of a type that has not been observed earlier
in intermetallic compounds.

The structure of the sigma phase in the iron-molybdenum
system has also been investigated briefly and found to be

of the same type as the iron-chromium sigma structures
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PART I



A STRUCTURAL INVESTIGATION OF THE MERCURY-TIN SYSTEM

INTRODUCTION

In a memorandum to Dr. David P. Shoemaker, dated
August 22, 1949, Professor Linus Pauling suggested that
the tin-rich side of the tin-mercury system might contain
compounds with the formulae HgSn35, HgSn17, Hgdnqq,

HgSng. On the basis of work which indicated that tin
containing a little mercury crystallizes in a basic
structure having one atom at each point offhexagonal
lattice, Professor Pauling arrived at these formulae in
the following way:

Consider a hexagonal cell with a' = 6ao and c¢' = 3°o
where a, and ¢, are the lattice constants for the simple
hexagonal sublattice. This larger cell contains 108 sub-
lattice points. To obtain the HgSn35 structure, place
Hg-atoms at (000) and corresponding rhombohedral lattice
positions of the larger cell (2/3 1/3 1/3) and (1/3 2/3 2/3)
and tin at all other sublattice points as shown in Figure 1.
Eight of the thirty-five tin atoms surround the mercury
atom in the first coordination polyhedron (a hexagonal bi-
pyramid). Twenty-four tin atoms are in the second coordin-
ation polyhedron (12 in the equatorial plane, 6 above, and
6 below). Finally there are 3 extra tin atoms in the basal

plane with positions (1/2 0 0), (1/2 1/2 0) and (O 1/2 0),
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and 3 extra tin atoms in corresponding positions in each of
the other two layers in the large cell, adding up to a total
of 9 extra atoms in the large unit. By substituting mer-
cury atoms for three of these extra tin atoms (one in each
sublattice layer), we get an orthorhombic structure of the
composition HgSnl7. By replacing another three extra tin
atoms by mercury in a similar way, we get another orthor-
hombic structure of composition HgSnyq, and finally by re-
placing the remaining three tin atoms we get a rhombohedral
structure of composition HgSng, the original rhombohedral
symmetry of HgSn35 being restored (see Figure 4).

Later study has shown these conclusions to be not quite
correct. To be sure, ordered structures of symmetry lower
than rhombohedral can be obtained by replacing one or two
of the "extra" tin atoms per layer per cell by mercury. If,
however, the reasonable requirement is made that after such
replacement all layers be crystallographically equivalent
(a requirement no more unreasonable than the requirement
that the same number of extra tin atoms be replaced by mer-
cury in every layer) it can be shown that by replacing two
extra tin atoms per layer per cell (to give HgSn,q) either
of two distinct ordered structures of rhombohedral symmetry
are obtained, and no ordered structure of orthorhombic or
lower symmetry. It can also be shown that by replacing one
tin atom per layer per cell by mercury (to give HgSn17)

either a monoclinic ordered structure or a rhombohedral
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ordered structure can be obtained. The structures that
would be obtained for HgSnjq and HgSnl7 in these ways are
shown in Figures 2 and 3. Of course, disordered structures,
in which the Yextra" tin atoms are replaced randomly by
mercury, are possible, in which case it might be antici-
pated that the transition from HgSn35 to HgSng can be con-
tinuous and the symmetry rhombohedral over the entire range.

Professor Pauling suggested that powder photographs
be taken to see if the diffraction lines for the hexagonal
structure are split slightly as would in general be expected
with conversion to true orthorhombic symmetry in the cases
of HgSny o and HgSnll. In view of the large ratio of tin to
mercury atoms it appeared far from certain. that these dis-
tinctions could be ﬁade on the basis of superstructure lines
on powder photographs, particularly in the alloys of lowest
mercury content.

The object of the investigation reported here is to
test Professor Pauling's hypothesis in the suggested way,
although it is apparent from what has been said above that
a splitting has a reasonable probability only in the case
of HgSnl7, and will be found there only if the monocliniec

superstructure exists for this composition.
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PREVIOUS WORK

According to Clara von Simson(l) tetragonal tin dissol-
ves lessthan2 at. % mercury (atomic percent) at room temper-
atures. If the amount of mercury is increased further a
second phase shows up together with the tetragonal phase.
This new phase has a structure based on a simple hexagonal
lattice with one atom at each lattice point. It is the only
solid phase when the total mercury content of the metal
mixture exceeds approximately 6 at. %. Only these two
structures were found. No indication was given as to the
mercury content at which a liquid phase first appears.

It was reported, however, that if the mercury content is
17% or more, the alloy can be separated into a solid and
a liquid phase. The lattice constants of the solid phase

are given as folloWs:
a, = 3.18 R., co = 2.99 B., c/a = 0.94

F. Stenbeck(2) confirms von Simson's results, but
adds that when the mercury content exceeds approximately
10 at. %, a third structure of orthorhombic symmetry appears.
This orthorhombic structure is very closely related to the
hexagonal one in that it can be considered as being formed
from the latter by a very slight distortion. The lattice

constants are given below:



At.% Hg Lattice ag ks B agtbgtcg
X. E. X.
8 orthohex, 5.531 3,198 2.980 1.732: 1 :0.932

14 orthorhomb. 5.548 3.196 2.981 1.736: 1 :0.933

The most complete thermal investigation of this seems
to have been made by Prytherch (unpublished). A phase dia-
gram worked out by him is found in a report by M. L. V. Gayler(32
This diagram is shown in Figure 5. In addition to the two
phases reported by von Simson, Prytherch has also found a
third phase which formed at about the same mercury content
as that found by Stenbeck, but according to Prytherch this
phase is stable only below approximately -35° C. An attempt
to contact Mr. Prytherch for further information was not
successful. Evidently the results reported by Stenbeck and
Prytherch do not agree completely.
(4)

The work of Tammann and Mansuri should also be men-

tioned. After a microscopic investigation ¥£§ authors found
that in the range O to 18% mercury only one type of crystal
is present. In a sample containing 20.6% mercury fhey could
observe a liquid phase between the crystallites.

In view of this earlier work, it would appear at the
outset that the hypothesis of Professor Pauling is probably
incorrect, for no orthorhombic structures were reported to
exist at the compositions required by that hypothesis. How-
ever, since nothing is known of the care or thoroughness with

which these investigations were carried out, the work sug-

gested by Professor Pauling was done as described below.
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EXPERIMENTAL

Before the x-ray analysis was started, it was consi-
dered advisable to make a thermal analysis of mixtures having
the compositions suggested by Professor Pauling, in order
to obtain, if possible, confirmation of the existence of
compounds having these compositions.

Thermal Analysis

(a) Experimental equipment. The thermal analysis was
performed in ampoules of the shape shown in Figure 6. Each
ampoule was placed in a furnace so as to rest upon the
bottom plug shown in Figure 7. The plug had a thermocouple
junction immediately above the ampoule in order to make it
possible to measure temperature differences in the furnace.

(b) Experimental procedure. Oxide-free tin metal was
obtained by melting and casting the granulated tin used as
starting material. The ampoules were charged with the pro-
per amount of tin and mercury after having been filled with
carbon dioxide, and were then sealed off. In order to ob-
tain a homogeneous alloy, the samples were melted and shaken
vigorously for about ten minutes and then allowed to solidify.
All ampoules contained approximately the same amount of
alloy.

Each analysis was made in the following way. One of the
ampoules was placed in the furnace and the power turned on.
The sample was heated to approximately 240° C. and kept at

that temperature for about fifteen minutes. Part of the
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Figure 6. Glass ampoule used for thermal analysis.

A thermocouple /'unc tion

/_)orce/a/n ring

Fioure 7. The boiton nlug with thermmoecouple
junetion. The ampoule rects on the
norcelain ring.
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power was then turned off to obtain a slow cooling down
(approximately 25° C. per hour). The temperature was care-
fully followed. Besides working with the four compositions
previously mentioned, a thermal analysis was made also of
pure tin in order to determine the operating characteristics
of the equipment with a substance of known properties. The
five temperature-time curves obtained in this way are given
in Figure 8.

Results - The very pronounced supercooling made it dif-
ficult to obtain valuable information from the thermal
analysis. However, the short or non-existent arrests and
the comparatively gentle slopes following solidification
make it appear that the alloy mixtures did not solidify to
single, well defined compounds. As a matter of fact, a
liquid phase could still be seen in the ampoules containing
mixtures of overall compositlons HgSn8 and HgSn17 when these
ampoules were removed from the furnace at the completion of
the runs (at the temperatures corresponding to the ends of
the corresponding curves).

Much more information can probably be obtained from
the thermal analysis by improving the technique, with special
regard to eliminating the undercooling in some way.

X-ray Analysis

(a) Bxperimental equipment and experimental work. For
the x-ray analysis, a powder epamera of Straumanis type

(Philips), 114.59 mm. in diameter, was used. The samples
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were prepared by filing the metal slugs and passing the
filings through a 325 mesh sieve. A very fine glass
fibre, covered with a very thin layer of vaseline, was
then coated with filings and the sample was ready to be
photographed.

As to the preparation of the metal slugs, the exper-
iences with the thermal analysis showed that a homogeneous
slug is not obtained by letting the molten metal mixtures
cool by themselves. For this reason, new samples were
given a five weeks' annealing at 208° C. as a means of
homogenizing them. The temperature was chosen as being
well below the temperature of beginning solidification of
all the mixtures. To reduce oxidation these new samples
were sealed off in argon atmosphere.

Filings were taken from both the lower end and the
middle part of the slugs. However, photographs of samples
filed from both parts of a given slug often showed dif-
ferences in the intensity relationships among the lines,
indicating considerable inhomogeneity. Although in the
case of a two or more phase system this is more or less to
be expected, it was considered convenient to prepare a
third series of samples by quenching the molten mixtures
to "freeze in" a homogeneous structure. For comparison,
one part could be annealed and photographs compared with
those obtained of the simply quenched part.

The new samples (sealed off in vacuum to reduce oxi-

dation still more) were quenched from 230° ¢. in cold water.
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None of the pyrex ampoules cracked. The slugs were cut
into two pieces. One half was put in a furnace and an-
nealed for four weeks at 100° C., and the other used imme-
diately for sample preparation, filings being taken from
the cut end.

A new series of photographs was then taken, and also
a photograph of pure tin. At this point it was also con-
sidered advisable to investigate a sample containing more
than 10 at. % mercury, as Stenbeck reported a structure of
orthorhombic symmetry for this composition in disagreement
with Prytherch. A sample containing 15 at. % mercury was
prepared and photographed as above. CuKxradiation was used
with a peak voltage of 36 kV on the tube. A nickel filter
was used. The photographs obtained with the quenched and
subsequently annealed samples are shown in Figure 9.

(b) Evaluation of the photographs. A close inspection
of the photographs showed that the HgSng and HgSnll samples
had exactly the same set of lines and that the HgSn17 and
HgSn35 samples had both this set of lines and a second set
identical with the lines given by pure tin. The annealing
of the samples had no effect on the diffraction patterns.
From this was drawn the conclusion that only two phases are
present in the composition range Sn - HgSng, in full agree-
ment with earlier reports. The sample containing 15 at. %
mercury gave a photograph of exactly the same type as that
of HgSng. This is in agreement with Prytherch, but dis-

agrees with Stenbeck.
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In order to find out what structure was present in the
HgSng sample and also to determine lattice constants of the
two occurring structures in different mixtures, the photo-
graphs of tin and HgSng were indexed and the positions of
the lines measured. This was done on the assumption that
the HgSn8 structure was simple hexagonal ﬁith lattice con-
stants given by Stenbeck, and tin tetragonal with lattice
constants as given by Wyckofé?) With the exception of a
few very faint lines and some fairly strcng lines (the lat-
ter close to the central spot) all lines were explained by
these two structures.

An attempt to explain the faint lines by assuming the
presence of CuKg radiation was completely successful in the
case of tin and left only one very faint line unexplained
on the HgSng photograph.

Some fairly strong but very broad lines appeared to be
explainable as bands due to white radiation limited on one
side by the absorption edge of silver. In order to check
this hypothesis, a photograph was taken of the HgSng sample
with a peak voltage of 23,000 volts. This voltage is too
low to excite wave lengths corresponding to the silver ab-
sorption edge. This last photograph did not show any of
these broad lines. loreover the faint line which could not
be indexed disappeared; this was quite possibly an impurity
line (perhaps chromium), which disappeared as a result of

replacing the x-ray tube. No line now remained which could
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not be dismissed as being caused by something other
than the simple hexagonal structure.

After this indexing it seems gquite certain that only two
different structures occur in the samples investigated, one
identical with the tetragonal white tin structure, and one a
simple hexagonal structure. No superstructure lines were
observed, and none of the lines were split.

A matter of interest in this connection is the extent
to which the lattice constants vary with varying amounts of
mercury. IFor this reason, they were evaluated from all the
photographs, including that of tin. A somewhat abbreviated
ﬁ%st squares method was used. It would be interesting to know
the lattice constants with greater accuracy. This could be
done by improvement of the least squares method, but has not
been done here because of the press of time. The resulté are
found in Table I.

It may be seen from the table that the lattice con-
stants of the tetragonal phase seem to have a slight ten-

dency to decrease with increasing amounts of mercury.



TABLE I

Lattice Constants of Phases in Several Mercury-Tin Alloys

Tetragonal Hexagonal
ag c, ag o
sn 5,818 £.  3.173 1. — —
Hgsn, 5.813 3.171 2,984 &.  3.205 &.
HgSn17 Ha012 3.168 2.980 3.209
HgSn11 - - 2.983 3,207
HgSng —— — 2,982 3203

- o mm  ee s e wm e mm  mm  sm  mm  mm  wm  m  me s wm  we = e e e e o wm  mm e e e

Note: The dashes mean that the phase in questiongdid
not occur. The mean error is of the order 0.002 A,
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Discussion - The hypothetical compounds suggested by

Professor Pauling do not seem to exist, with the possible
exception of HgSn8. Only a tetragonal structure (the same
as in white tin) and a simple hexagonal structure have been
observed, in full agreement with earlier reports. In alloys
of calculated composition HgSn35 and Hg8n17 both of these
structures are present while in alloys of composition HgSnll
and HgSng and probably of any higher mercury content the
hexagonal phase is the only solid phase present. The x-ray
photograph of the HgdSng mixture gave no superstructure lines
that would indicate the suggested arrangement of the mercury
atoms. HLowever, any superstructure lines would be very weak,
the intensity ratio between superstructure and substructure
lines in this case being of the order of 250.

In the two structures mercury atoms seem to be able to
take the places of tin atoms, possibly in a random way, with
a slight decrease in the lattice constants. The solubility
of mercury in the tetragonal phase is probably considerably
less than one atom in thirty-six. No information as to the
solubility of mercury in the hexagonal phase has been ob-
tained as no third phase richer in mercury has appeared in
this study. o clear evidence for the existence of a liquid
phase was obtained in the x-ray analysis; the HgSng samples
were, however, very soft and possibly contained some liquid
phase.

The possibility still remains that the mercury atoms

after a very long time will take some special positions in
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the two structures. To find out whether this is so, it
would probably be a good idea to make an x-ray analysis of
filings that have been annealed for several weeks at 100° C.
and make a very careful examination of the photographs for

superstructure lines.
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SULMLIARY

A brief study of the tin-rich side of the tin-mercury
system has been made. Samples of the calculated compositions
Hg8n35, HgSn17, HgSnll and Hg8n8 have been studied by both
thermal analysis and x-ray analysis. An additional sample
containing 19 at. % mercury was studied by X-r§§fgﬁiy. Two
different structures have been observed, one simple hexagonal
and one tetragonal, the latter the same as 1in white tin, In
the alloys of the compositions HgSnll and HgSng, and also in
the alloy containing 15 at. % mercury, the hexagonal struc-

ture was the only one present, while in the remaining two

both structures were present. The solubility of mercury in
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the tetragonal phase seems to be considerably less than 1
mercury atom for every 35 tin atoms. This study has not
given any information as to the solubility of mercury in
the hexagonal phase.

The four hypothetical compounds suggested by Professor
Pauling do not seem to exist, with the possible exception
of HgSng. Superstructure lines corresponding to the struc-
ture proposed for that compound have not been observed,

however.,
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THE DETERMINATION OF THE CRYSTAL STRUCTURE OF THE SIGMA
PHASE BY THE APPLICATION OF X-RAY DIFFRACTION METHODS

TO THIS PHASE IN THE IRON-CHROMIUM AND IRON-MOLYBDENUM
SYSTEMS

INTRODUCTION

The so-called sigma phase occurs in systems of the
transition group metals, particularly those of the first
long period. It has been found to exist in a number of
binary and ternary systems. It is a hard, brittle sub-
stance. Furthermore it is non-magnetic, at least in the
iron-chromium system(172), notwithstanding the presence of
ferromagnetic elements in all of these phases. In binary
systems 1t usually occurs in the neighbourhood of a 1:1
atomic ratio but ordinarily has a composition range of the
order of 5 - 10 atomic percent. In binary systems in which
it is known to occur it is usually stable at room temper-
ature. However, it cannot always be formed directly from
the melt, as the phase stable at the melting point is often
the alpha phase (body-centered cubie). As an example the
vhase diagram of the Felr system is shown in Figure 1(1).
The phase forms with extreme slowness at room temperature
but can be formed from the alpha phase at temperatures just
below the alpha-sigma transition temperature in a few days
or weeks. The phase is most easily identified(3) by its

x-ray powder diagram, which is very characteristic.
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The sigma phase is of great technological importance.
It 1s known to occur in stainless steels where it has been
found to reduce impact strength and resistance to corrosion.
It is also of considerable theoretical importance because
of its brittleness and the absence of ferromagnetic proper-
ties, and because of the apparent complexity of its struc-
ture (aé indicated by the complexity of the powder diagrams).
In the FeCr and FeV systems, at least, it appears to be the
only phase having a complex structure.

Because of the great technological and theoretical im-
portance of the sigma phase, the structure has long been
sought for by many workers, all without success up to the
time of the structure determination to be here described.

In particular Professor Linus Pauling has for several years
been interested in the sigma phase and desirous of having
its structure determined. It is largely because of his in-
terest that the work described here was done.

Previous work on the sigma phase has consisted mainly
of determining in what alloy systems the phase occurs. The
occuﬁénce of the sigma phase has been established in the
following metal systems:

recr®, Fev’, CoCrb, crCoFe?, CrCoNi?, CoV3, Niv3,

FeMo8a9’10, FeCrio3.

Duwez and Baen(3) have formulated the following empiri-
cal rules for the occuﬁénce of the sigma phase in binary

systems:
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l. The atomic radii of the two elements must not
differ by more than eight percent. (The radii should be
taken for coordination number twelve.)

2. One of the two metal constituents must have in
its elementary state a body-centered cubic structure and
the other a face-centered cubic structure at least in one
of their respective allotropic forms.

These two rules hold for all the binary systems ment-
ioned above except the Fello-system; in this case the radius
of molybdenum is slightly too large compared to that of
iron to fall within the eight percent limit. Hence, if the
first rule were modified only slightly, the Fello-system
would no longer be an exception. As a very great number of
binary systems have not yet been investigated in order to
find a sigma phase it is still too early to establish the
value of these rules.

Although there have probably been many attempts to de-
termine the crystal structure of the sigma phase only a few
are described in the literature. They are all based on
powder work. According to Bradley and Goldschmidtcﬂ) the
sigma phase in the FeCr-system appears to have a complex
body-centered cubic structure. According to the same authors,
two modifications appear to occur, one stable and one trans-
itional. In an x-ray study by Duwez and Baen(3) of this
Institute, primarily undertaken to obtain standard powder pat-

terns of the sigma phase in different metal systems, an attempt
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was also made to find the unit cell for the sigma phase on
the basis of calculated interplanar spacings. When a spec-
ially designed Hull-Davey chart for the tetragonal system
was tried a promising but not particularly good fit was
found for an axial ratio c:a near 1.46 (approximately the
same value for all the investigated systems). For signma
FeCr the axial lengths found were: a = 6,196 2 and

c = 9.058 X. The calculated number of atoms in the unit
cell of the iron-chromium sigma phase was approximately
thirty (29.7). PietrokowskyaQ) in continuing the work on
the sigma phase begun by Duwez and Baen, seemed to be suc-
cessful in indexing the sigma powder pattern in the FeCr-
system on the basis of an orthorhombic unit cell. The lat-

tice constants he obtained were:
8. : 8066 k‘}(o’ b : 6.21 LQ{., C = 5018 k‘}(.

With these lattice constants the number of atoms in the unit
cell was calculated to be approximately twenty four (23.82).
The agreement between calculated and observed interplanar
distances for this cell was better than that for the tetra-
gonal cell but still left something to be desired. Due to
the very high degree of similarity between different sigma
patterns it was also possible to index powder patterns from
other metal systems with the same qualified success. No
attempt to carry out a ¢omplete structure determination has

been reported by this group of workers.
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It was as a result of a visit by Mr. Paul Pietrokowsky
of this Institute (Jet Propulsion Laboratory) in the spring
of 1950 that we became actively interested in determining
the structure of the sigma phase. When Professor Duwez and
Mr. Pietrokowsky became aware of our interest in this pro-
blem they kindly made available to us several powder photo-
graphs of several sigma phase compounds, as well as powder
samples of sigma-FeCr.

Before any direct work was done in this Laboratory to
collect additional data and determine the structure,
Professor Pauling made two attempts to propose a structure
that would fit previously reported lattice constants. These
attempts gave structures which, on closer examination and
consideration of the available data, proved to be incorrect.

The first structure proposed by Professor Pauling was
designed to fit the orthorhombic unit of Pietrokowsky. It
contained two groups of twelve atoms each, one centered at
(000) and the other at ($%%). Each group was obtained from
the twenty six atom group found in the gamma alloys (e.g.
gamma brass, Cu52n8) by removing peripheral atoms until
the only ones left were the positive and negative tetra-
hedra and four of the six atoms in the octahedronj; this
group was rotated around the a-axis so that the axis from
which the octahedral atoms were omitted made an angle of
approximately 35° with the z-direction. The group at (3%%)

was related to that at (000) by n-glides to give space
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group P 2nn. However, strong reflections occuééd which,
when indexed with reference to this cell, ruled out the
space group, and furthermore a model of this structure fail-
ed to show satisfactory packing among the groups.

Another structure was proposed later by Professor Pauling
which had a 28-atom body-centered tetragonal unit with axial
lengths slightly less than those of the thirty-atom unit
reported by Duwez and Baen. This structure made use of two
fourteen atom units, each contailning an inner positive tetra-
hedron of atoms, a negative tetrahedron of atoms outside of
that, and finally an octahedron of atoms outside the nega- -
tive tetrahedron, to give a group identical to that in gamma
brass except that the twelve peripheral atoms of the latter
were missing. These groups were supposed to be centered at
(000) and (3%%) with one of the octahedral axes of each
group parallel to the c-axis and with the others at 26.5°
to the a- and b-axes. Dr. Shoemaker showed that this struc-
ture contains holes at (03%4) and (40%) which require the
presence of two more atoms per unit cell giving a total of
thirty. The resulting structure indeed appeared to be a
very reasonable one but was not applicable to the sigma
phase. The sigma powder pattern when indexed on the basis
of the tetragonal cell of Duwez and Baen dld not show the
absences required by a body-centered structure. lloreover
strong planes that were predicted for the proposed struc-

ture were weak or unobserved.
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At this point it was decided that an attempt be made
to obtain powder data of greater precision on the basis of
wnich an improved indexing of the lines might be achieved.
In retrospect it appears very likely that this could have
been done, for the unit cell that was later found was very
closely related to that found by Duwez and Baen, having a
c-axis about half as long and an a-axis about V2' times as
long as the corresponding axes of the cell of Duwez and
Baen. Illoreover, it appears likely that had the unit cell
been found from the powder photographs, the crystal struc-
ture might have been found through the same considerations
that were employed in the single crystal work. However,
two fortunate circumstances led gquickly to the use of single
crystal techniques. The powcer samnle of sigma-FeCr that
was used for obtaining powder patterns was not finely ground,
and the rotation drive on the camera failed, with the result
that very grainy powder lines were observed on the photo-
gram (see Figure 2). The grainy character of the lines sug-
gested the possibility of isolating single crystals from the
powder sample and applying single crystal techniques. In fact
this was found possible and the structure of the sigma phase
was quickly found through single crystal work in the way de-

scribed in the pages to follow.
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EXPERIMENTAL

laterials. Professor Duwez kindly furnished us with a
powder sample of FeCr-sigma that had been prepared in the
following way. 325-mesh ehromium powder and likewise 325-
mesh iron powder were carefully mixed in the atomic propor-
tions 1l:1 and then compressed to a pellet. The pellet was
then sintered in vacuum at 1200° ¥, for ten days and allowed
to cool down. The pellet was - crushed to a powder which
was annealed at 1200° F. for one hour. An analysis of the
powder prepared in this way gave 46.5 atomic percent chro-
mium. 7The density of an iron-chromium sigma phase of very
nearly the same composition had been determined earlier by

Duwez and Baen. They found the value 7.600 £ 0,00%.

Preliminary powder work

(a) Equipment. For the powder work described in this
thesis a Straumanis powder camera (Philips) of diameter
114.59 mr. was used. Eastman "No Screen" x-ray film was used
throughout. The radiation used was CukKx, with nickel filter.

(b) Preparation of powder samples. A glass fibre
about 0.02 mm,., in diameter was mounted with shellac on the
brass pin of standard typgi?% this Laboratory for powder
work. The glass fibre was then coated with a thin layer of
vaseline. Thus prepared it was dipped repeatedly but light-
ly in the sigma powder described above. In this way the
glass fibre was covered with a thin, smooth layer of powder

particles.
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(c) Exposures. The first photograph was exposed for
about twelve hours. Although a few strong lines could be
observed the background was so strong as to make the photo-
graph practically without value for measurements. The back-
ground was presumably caused by fluorescence from the sample.
This fluorescent radiation was successfully eliminated by
placing a nickel filter in contact with and inside the film
in the camera. Due to the usage of two filters an exposure
of 100 hours was necessary for a good photograph. The ex-
posure could no doubt have been made considerably shorter
with the same good result if the primary nickel filter had
been removed. A tTypical photograph 1s shown in Figure 2.
The graininess of the lines 1s so prominent as to make the
photograph rather unfit for exact measurements but it also
rather strongly suggests attenpts to find single crystals.
As was mentioned 1in the introduction the powder work was
interrupted at this point for this very reason and a search
for single crystals was initiated.

The search for single crystals - A small quantity of

the powder sample given to us by Professor Duwez was spread
out in a very thin layer on a glass slide. When exanined
in a microscope with a linear magnification of 36 a great
number of individual particles were observed, the average
size of which was of the order 0.0l mm. Under the micro-
scope a few particles of a shape that seemed to indicate

single crystals were isolated by moving away all neilghboring
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particles. The selected particles were then mounted on
glass fibers affixed to brass pins of the type used in the
powder work. The procedure was as follows. The end of the
glass fibre was dinped in a solution of shellac in alcohol
so that a droplet of the solution was formed at the end of
the fibre. When one of the selected particles was touched
with the droplet it generally adhered to it. The shellac
was then allowed to dry for an hour or so.

Lave photographs were then taken. White radiation was
used with a camera distance of 5 cm. In general a one hour
exposure was sufficient. On most of the photographs obtained
in this way a great number of spots were observed very often
in clusters with the spots so close to each other that there
was good reason to believe that a large number of single
cfystals were present. Crystals giving such photographs
were immediately discarded. A4 few particles - the fourth
and the sixth one - gave Laue photographs that contained a
very limited number of spots all well apart from each other.
After being reoriented a number of times these particles
gave Laue photographs that possessed mirror planes. It was
therefore certain that they were single crystals or perhaps
twinned single crystals. In the following pages these parti-
cles will be called Crystal No. 4 and Crystal INo. 6 respec-
tively.

Description of the single crystals - Crystal No. 4 had

the shape of a needle about 0.05 mm. long and about 0.02 mm.

thick. The needle axis bore no apparent relation to the



-0,
crystal axes. It completely lacked well developed faces.

Crystal No. 6 had the shape of a rather thick rhombic
flake with the rhombic edges about 0.04 mm. long and a
thickness of about 0.02 mm. This crystal also lacked well
developed faces.

The Laue symmetry of the sigma phase crystal structure -

After the appearance of a mirror plane on a Laue photograph
obtained with Crystal No. 4 additional symmetry elements

were sought for. This was done by rotating the crystal a
small angle around an axis normal to the mirror plane, taking
a Lauve photograph, and repeating the process until a second
mirror plane was found normal to and non-equivalent to the
first one (see Figure 3). When the crystal was rotated 90°
from this position around the same axis a Laue photograph
was obtained that was identical with the preceding one.

This established the Laue symmetry as D4h'

The results obtained with Crystal No. 4 were fully con-
firmed by the results obtained from Crystal No. 6. By pro-
ceeding as described above for Crystal No. 4, a Laue photo-
graph was obtained that was identical with the photograph
shown in Figure 3. Fortunately this crystal happened to
be oriented on the glass fibre in such a way that it could
easily be exposed with the four-fold axis parallel to the
x-ray beam. The result of this exposure is shown in Figure 4.
The presence of a four-fold axis was thus confirmed and also

the Laue symmetry Dy arrived at above.
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Figure 3. Laue photograph of o-FeCr. X-ray
beam parallel to the hisectrix of
g and b; ¢ horizontal.
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Figure 4. Laue photograph of o-FeCr. X-ray
beam parallel to ¢; a at an
angle of 45° with thé horizontal.
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A very striking feature of the photograph shown in
Figure 4 is the pseudo-twelve-fold symmetry axis. This
peculiarity immediately attracted our attention and made
us strongly suspect that the crystal structure of the
sigma phase is some way or other built up from two pseudo-
hexagonal substructures turned 90° with respect to each
other. That this was later found essentially correct will
be shown in subsequent pages.

It followed immediately from the established Laue
symmetry that the symmetry of the crystal lattice (the
crystal symmetry) is tetragonal provided that twinning
does not occur. A discussion of this possibility will be
given in a later section.

The approximate determination of unit cell dimensions -

When the symmetry of the crystal lattice had been determined,
the next problem was to find the unit cell dimensions. This
could quite easily have been done on the basis of the infor-
mation provided by the Laue and powder photographs. It was
decided, however, that the easler and more straightforward
method of using rotation photographs should be used.

(a). Equipment. The rotation photographs were obtained
with a 30.2 mm..rotation oscillation camera. CuKw radiation
(Ni-filter) was used.

(b) Procedure. For the Laue exposures Crystal No. 4

had already been oriented with its c-axis vertical. It could

consequently be used without reorientation for a c-rotation
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photograph. Crystal No. 6 had been oriented with its c-axis
horizontal and a symmetry plane horizontal. It could there-
fore also be used for a rotation photograph without reorien-
tation.

(e) Calculations. The easily deduced formula for de-
termination of repeat distances from layer line measurements

is as follows:

r = n A
sin(tg-1 d/2R)

where r is the repeat distance, R the camera radius, A the

wave length of the radiation, d the distance between two

corresponding layer lines and n the order of the layer lines.
By application of this formula the following results

were obtained.

12.46 8.

WY
]

O
0O e 4‘058 A.

2]
!

The prime is used because it was not known whether the a-axis
was vertical in Crystal No. 6 or whether it made an angle of
45° with the vertical.

In order to settle the question as to whether the true
a-axis is of length 12.46 A, or that value divided by the
square root of two, a Weissenberg photograph (hkO) was taken
around the four-fold axis of Crystal No. 4. The resulting

photograph contained very few spots and could not be indexed
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by inspection; consequently it was necessary to measure

the positions of the spots and plot out the reciprocal
lattice layer by calculation. The largest square recip-
rocal lattice net to which the observed planes could be
fitted corresponded to ap = 8.82 E. Unless there are

(hkO) extinctions due to body-centering or to an n-glide
plane, this is the true value of the lattice parameter.

The primitive character of the lattice and the absence of
an n-glide plane normal to c¢ were established by indexing
both the'z = 0 and ! = 1 layer line on the rotation photo-
graph taken with Crystal No. 43 it was found that the same
net that was found suitable for the indexing of L =20

also sufficed for . = 1. lloreover, since Bragg angles ob~
served on the gzero layer of the rotation photograph were
found to be in good agreement with Bragg angles for certain
observed lines on the powder photograph, there was little
doubt that the single crystals selected for this work were
crystals of the sigma phase. All remaining doubt was later
removed when 1t was found possible to index the powder photo-
graph completely on the basis of lattice parameters close to
those obtained in the single crystal work, and when it was
found that the intensity relationships among the powder
lines were compatible with the intensities obtained in the

single crystal work.
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The refinement of the unit cell dimensions - It was

decided that the refinement of the cell dimensions be made
on the basis of powder data with the application of a
least squares method.

(a) Preparation of powder photographs. As was men-
tioned in an earlier section very grainy powder photographs
were obtained with the powder sample. They were in fact
so grainy that they did not seem very suitable for exact
measurements. For this reason some more photographs were
taken using a more finely ground powder. Indeed, the pow-
der lines became quite smooth but no powder lines could be
observed at large Bragg angles where they were needed for
accurate determination of the cell dimensions. With the
coarser powder used at first we had obtained photographs
with easily observable lines at all angles, however, In
spite of their graininess we therefore decided to make the
necessary measurements on one of those photographs.

(b) Indexing of the powder photograph. For a tetra-

gonal crystal the following equation holds

w N o= Ll 2 e WY L 32
Q g *—p (h= &+ k=) ¢ i ! eq. 1

where d is the interplanar distance. The quantity Q thus
appears to be the most convenient quantity to work with
for the indexing as well as for the least squares treat-

ment. The positions of the powder lines were measured with
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a precision steel rule and from these measurements the Q-
values were calculated. The results are presented in Table I
under Qobs’ When @ values were calculated according to
equation 1. on the basits of the cell dimensions obtained
from rotation photographs and presented earlier, it was pos=-
sible to index a great number of lines unambiguously. Many
lines could not be indexed, however, but by adjusting cell
dimensions in a way suggested by the differences between
observed and calculated Q-values for the lines that had
already been indexed, it was possible to index many of

them. By repeating this procedure a few times it was pos-
sible to index all lines. The cell dimensions that were

obtained by this method of successive adjustments were
ap = 8.798 2. co = 4.546 2.

(¢) Least squares refinement. TIor the least squareés

refinement equation 1. is conveniently written
AxX ¢ By = Q €d. 2

where

1
s - l2 R 4

= h = and = ==
o * al - c2

With the observational equations of the linear form of

equation 2. the two normal equations are

[wAQ]
[WBQ]

[wAA] x ¢+ [waB] y

[wAB] x ¢+ [wBB] ¥y
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where the brackets stand for summation over all planes

and w 1s the weight of the observation for a given plane.
The weight of an observation was determined in the

following way. We have

Q = L. sinzaﬂ
gl

If we differentiate, we obtain
dQ X sin o g ed. 3

Now it is reasonable to assume that the position of a
powder line can be measured with approximately the same
accuracy at whatever Bragg angle it 1s measured, with

the possible exception for Bragg angles close to 90° where
lines may be broad and difficult to measure. This also
means that the accuracy with which the Bragg angle can be
determined 1s independent of where the corresponding line
is situated on the film. From equation 3. we can then
conclude that the standard deviation (YQ in the determin-

ation of Q will satisfy the relation

o « sin 2 VA
But we also have
1
Wo OF i,
0——
Q 22

where g is the weight of the observation.
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TABLE I
Agreement between Observed and Final Calculated

Q-Values for Powder Lines

Indices b Qobs Q calc (Qops = Qeale) * 10*
002 1.6 0.1948 0.1937 11
330 1:5 . 2340 .2325 15
202 1 2453 . 2454 -1
212 1.4 .2581 .2583 -2
411 1.4 . 2678 .2680 -2
331 1.3 .2827 .2809 18
222 1.3 . 2974 .2970 4
312 1.3 .3234 .3229 5
322 1.2 3610 .3616 -6
431 L2 «3728 3713 15
511 1e2 .3851 .3842 9
432 Led « 5174 .5166 8
522 1.1 .5675 . 5682 -7
532 1.0 .6319 .6328 -9
550 oG 6462 6457 V]
413 1.0 .6547 6554 -7
333 1.0 6677 6683 -6
720 1.0 6835 6845 -10
622 140 .7106 .7103 3
g9 1.0 .7321 7329 -8
513 1.0 <7716 sTTLE 0
414 1.0 .9924 . 9944 -20

751&1 1.0 1.0027 1.0041 -14



Indices

802“1
80202
742°‘l
7420,

921, 761

40501
415%4
41505
10.3.1“1
10.3.1%,
10.0.209
10.0.204
96001
960w,
961xq
9610,
11.1.00q
11.1.0%

100 5000(1
11.2.0&1

10.5.00(2
11.2.005

"q

1.0
1.0
1.0
1.0
1.0
i % X
) $P%e §
1a2
Lo
1.3
l.4
1.5

8620 1.6

1.7
1.7
Tt
149
2.0%
2.0%

2 0%

2+ 0¥

TABLE I

Qobs

1.0038
1.0182
1.0196
1.0337
1.0343
1.1452
1.1460
1.4168
1.4244
1.4236
1.4555
1.4560
1.4847
1.4846
1.5122
1.5120
1.5602
1.5587
1.5760
1.5761

1.6147

Lsbd58
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(continued)

Qcalc

1.0041
1.0203
1.0203
1.0332
1.0332
1.1462
1.1462
1.4173
1.4302
1.4302
1.4561
1.4561
1.4852
1.4852
1.5110
1.5110
1:5595
15595
1.5756
1.5756

1.6143

1.6143

(Qobs

- Qcalc) x 10%

1
162 B oN

i
oN
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Indices

ll.l.lal
11.1010(2
5350‘1

535,

11.2010(1
100 Sol(xl

1192.10(2
10.5.1%;

Q

2.2%
2.2%
2,8%
2o O%

TABLE I (continued)

Qobs

1.6238
1.6237
1.6489
1.6489

1.6633

1.6630
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Qcalc

1.6240
1.6240
1.6498
1.6498

1.6628

1.6628

(Qobs

- Qeale) X 10t

O O W

\n

* Adjusted figure; takes account of broadness of lines
at large angles.
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We finally obtain

N ST eq. 4
A few observations with Bragg angles close to 90° were
glven smaller weights than calculated with equation 4. as
the corresponding lines were considerably broad and hard
to measure accurately.
When the least squares refinement was carried out as

outlined above the following results were obtained:

a, = 8.7995 ¥ 0.0004 8. ¢y = 4.5442 £ 0.0020 £.

(Ney kuo, " /5418 A)
The uncertainties given are probable errors.

Values of Q@ calculated on the basis of these cell
dimensions are found in Table I.

The results above were obtained with?;ssumption that
absorption errors are negligible. This assumption seems
gipriori reasonable on the basis of experience obtained in
this Laboratory with powder samples of comparable dimensions
and scattering power. Examination of the final residuals
AQ at large scattering angles, where absorption should be
negligible, indicates that any changes in the lattice para-

meters that would have to be made to account for absorption

would be small in comparison to the probable errors quoted.
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THE DERIVATION OF A TENTATIVE STRUCTURE AND THE POSSIBLE

SPACE GROUPS

The hkO reflections showed a large number of absences,
as may be seen on the reciprocal lattice plot in Figure 5.
The large number of absences suggested that the sigma cry-
stals might be twinned. A closer examination of the hkO
reflections furthermore revealed the following facts:

(1) Ulearly all of the reflections were strong and had
intensities that were ait about the same, ignoring normal
decline. Only a small number of very weak reflections oé-
curred.

(2) All of the strong reflections could be indexed
on the basis of two independent pseudohexagonal nets with
ag about 2.5 X., slightly distorted to fit the tetragonal.
cell, and oriented at 90° with respect to one another,
there being fifteen lattice points per net within the area
covered by the quadratic . cross-section of the tetragonal
cell. None of the reflections predicted on the basis of
these nets Qgi% missing. The fit of this layer to two
slightly distorted hexagonal nets is shown in Figure 6.

It should also be mentioned that:

(3) The reflections that were indexed on the [/ = 1
layer of the rotation photograph were for the most part
uniformly strong reflections having the same values of h
and k that were observéd for the strong reflections on the
=0 layer, though a few additional very weak reflections

were also observed.
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These facts, as well as the apparent pseudohexagonality
revealed by the Laue photograph (Figure 4) taken along the
four-fold axis of Crystal No. 6 (showing a gross approxima-
tion to an apparent "twelve-fold axis"), could be explained
superficially by assuming that the crystal contains twins
of two different orientations (at 90° to one another around
the c-axis), each twin having a structure (or superstructure)
based on a primitive slightly distorted hexagonal lattice
(or sublattice) with approximate lattice constants (hexagonal)
a = 2.5 X. arid e} = g, = 4,55 2. To account for the uni-
form intensities it 1is evident that there can be only one
atom per pseudohexagonal cell or subcell. However, from the
observed density (7.600 g. cm‘3, as determined by Duwez and
Baen(3)), the number of atoms in the tetragonal unit cell
is thirty, while the assumptions made above account for only
fifteen in an equivalent volume. It is therefore apparent
that the structure is not to be sought for in twinning of
this kind.

However 1t occurred to Dr. David Shoemaker that the
observed density could be obtained with the assumption of
twinning of a different kindj; namely, such that the pseudo-

hexagonal twins mentioned above interpenetrate, in the sense

of occupying the same space. This circumstance would be
obtained if the pseudohexagonal nets for the two twins alter-
nate, so that the structure consists of alternating pseudo-

hexagonal layers cé/z apart, each layer being rotated o0°



~40-
with respect to the adjacent nets through, presumably,
the agency of a 4, screw axis. Each"twin”may be consi-
dered as scattering independently for the purpose of this
argument, because, inside the limit of the copper data,
when the scattering amplitude of one "twin" is finite that
of the other "twin" is zero, within the approximation of
neglecting the weak reflections. Hence, within this approx-
imation, the reciprocal lattice may be thought of as the
superposition of two slightly distorted pseudohexagonal
reciprocal lattices oriented at 90° with respect to one
another, as appears to fit the observations. The fact that
some additional weak reflections are observed might be in-
terpreted to indicate that each "twin" is a superstructure
(with the true cell an end-centered orthorhombic pseudo-
hexagonal cell with a volume twice that of the observed
tetragonal cell) obtained by deviations of some or all of
the atoms from the sublattice points, but since the scat-
tering amplitudes for the weak reflections cannot be con-
sidered independently for the two "twins" it appears best
to consider the problem of determining atomic positions from
the standpoint of the true tetragonal cell and discontinue
the use of the concept of separate twins.

From Figure 6 and considerations of tetragonal symmetry
it can be seen that the only two possible relative positions
of the two pseudohexagonal nets are those indicated by

Structure I in Figure 7 and by Structure II in Figure 8.
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Fijure 7o The unit cell of Structure I.
Filled circles represent stoms in the
plane z = 03 open circles stoms in the
plene z =1/2,

S
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Firure 8. The unit cell of Structure II.
Symbols as in Figure 7.
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From these figures it 1s easy to see the extent of the dis-
tortion of the nets from hexagonal symmetry. If it is
assumed that the distortion is uniform throughout a given
net the ratio b/a (for the orthohexagonal subcell) is 5/3
as compared with {3 (1.732) for an undistorted nets; that
is, the ratio has been decreased by 3.8%.

The problem now presents itself as to which of the two
structures shown in Figures 7 and 8 is correct. Structure I
has glide planes normal to the a-axis and the b-axis but
Structure II has no glide planes. Consequently, by Weissen-
berg photography of the reciprocal lattice layer Okl it
should be possible to select one of the structures as being
the correct one. However, in view of the'.fact that all 0kO
reflections available with copper radiation were too weak
to observe, it was considered possible that virtually all
Okl reflections available with copper radiation night be
mnissing, particularly if the structure is an ideal one with
all atoms restricted to the planes z = 0 and z = ¥. In such
a case 1t might be very difficult to determine whether or
not the n-glide planes are present. On the other hand, it
will be seen from inspection of the two structures that it
should be possible to distinguish between them by consider-
ations of reflections of say the type (O.lS.l), since it is
only at the reciprocal lattice points (15m.15n.l) that the
two pseudohexagonal reciprocal lattice nets coinciée point-

on-point, so that the scattering amplitudes of both layers
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in the unit cell are both finite and have the opportunity
to reinforce one another or cancel out. Indeed, the atomic
coordinates of Dboth layers in Structure II can be given in
integral fifteenths of the cell edge, while in Structure I
the atomic coordinates of layer A can be expressed in inte-
gral fifteenths (i.e. even thirtieths) while those for
layer B are to be expressed in half-integral fifteenths
(i.e. odd thirtieths), at least to a good approximation.
Hence, if Structure II is correct, (0.15.0) should be ob-
servable (with twice the amplitude or four times the inten-
sity of other "ideal" reflections at the same angle) on an
(Ok?) Weissenberg photograph taken with molybdenum radia-
tion, and, if the atoms on layer A are restricted to the
layer z = O and those on layer B to z = %, (0.,15.1) should
be absent. If Structure I is correct (0.15.0) should be
absent (as would be required by an n-glide in any case)

and (0.15.1) should be present.

In order to settle the question in the shortest pos-
sible time, a Veissenberg photograph was taken with molyb-
denum radiation of a sufficiently large region of the (0Okl)
layer to obtain (0.15.0) and (0.1%.1). The photograph showed
the former reflection to be absent and the second to be very
strong, and therefore confirmed Structure I (Figure 7) as
aporoximately correct (at least in projection) and ruled out
Structure II. The fears expressed above regarding the pos-

sible absence of all or nearly all (Okl) reflections within
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the copper limit turned out to be unjustified, as reflections
of kind other than (0.15.1) appeared on the film. Those
that were observed to be present in this small region of the
(Ok!) layer showed n-glide extinctions, and a later (0Okl)
photograph taken with copper radiation showed no reflections
incompatible with n-glide planes normal to g and be

As among the (hkO) reflections there were only a few
very weak reflectlons along with the strong ones, and as
all the weak reflections had relatively high indices, it was

.

apparent that deviations in the x,y-plane from the uniform

jovs

distortion of the hexagonal layers are very small. The x-
and y-coordinates, when expressed in integral and half-inte-
gral fifteenths of the cell edge, therefore seemed to be
quite close to their true values. The fact that the devia-
tions appeared to be very small also made it highly probable
that the pseudo-~hexagonal layers retained their planarity to
a high degree. 1In fact, a pure layer structure, with atoms
restricted to z = 0 and z = %, appeared to be very likely.
For such a structure the reciprocal lattice layers with
equal to 0,1,2,3 etc. would be identical except for the weak
reflections and reflections of type (19m,15n,l); all even
layers would be identical even in these respects, as would
also all odd layers. As was mentioned earlier, the rotation
photograph taken with c-rotation showed a striking similar-
ity between the zeroth and first layer lines. The second
layer line however appeared to be different, and later
Weissenberg photographs confirmed this. Thus it was apparent

that some of the atoms are displaced in the c-direction by a
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considerable distance. On the other hand, it seemed to be
very likely that only a small number of atoms had been dis-
placed as otherwise it would be very hard to understand how
the "ideal" x,y-projection could be so nearly retained.
Therefore, in spite of the different character of the second
layer line, 1t was still considered very likely that the
structure was essentially a layer structure with only a few
atoms displaced in the c-direction.

In order to determine which of the atoms are displaced
from the ideal planes, and to obtain limitations among the
possible space groups, intensity data for layers other than
l = 0, including especially l = 2, were necessary. Weissen-
berg photographs were theréfore taken with / equal to 1, 2
and 3. When the reciprocal lattice layers were inspected
it was found that systematic extinctions occurred only for
(0k!) reflections with k ¢! odd. These extinctions confirm
the presence of n-glides normal to a and b.

Among the space groups that belong to the four crystal
classes Dpog, Cyyy Dy and Dyy, compatible with Laue symmetry
D4y, there are three space groups that have the n-glides

found in the sigma structure. They are ng - PZnZ, Civ - P4nn

and Diﬁ - P4/mnm. For the ideal layer structure the holo-
hedral space group Diﬁ could apply. For any structure de-
rived from it by z-displacements of atoms and no changes in
the x and y coordinates, only the space group Civ is possible.

When the plots of the reciprocal lattice layers were

compared it was found that:
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1 and [ = 3 were almost identical,

(1) The layers !

(2) The layer [ O was very similar to the lavers
l=1 ana (= 3 but contained fewer weak reflections, and

(3) The layer ! = 2 was completely different from the
other three layers.

These facts, although puzzling at first, very quickly
led to a trial structure that provideé a very good approxi-
mation to the true structure. The fact that the layers
! =1 and ! =3 are alumost identical, but at the same time
completely different from the layer l = 2, may be taken as
an indication that there is a trend toward periodicity in
the reciprocal lattice in the c-direction, with a repeat of
four layers, and with the layers alternating in the fashion
ABCBABCBA eeeee, Trom this it may be concluded that all
atoms in the structure are limited fairly closely to layers
co/4 apart, so that any atoms displaced from z = O and z = 3
are displaced by about cy/4. The fact that layer { = 1 is

very similar to l = 0 indicates that only a small number of

atoms are displaced in this way. From steric considerations

it 1s apparent that the atoms on layer A (z 0) that are

~

to be displaced to z = % must be selected in such a way that

the atoms equivalent to them in layer B (z = %), which

~
-
=

are to be moved to z '%, lie almost directly above the

former in the unit cell.
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It turned out to be possible to obtain satisfactory
packing (which indeed was much better packing than that in
the "ideal" two-layer structure, Structure I), only by dis-
placing the atoms labeled E and F in Figure 7, which have
almost the same x- and y-coordinates, and the best result
was obtained if the atoms were all displaced in the same
direction about one quarter up or down. This is clear since
in Structure I these atoms are the centers of hexagons of
atoms with the centers almost exactly above each other. In
the displaced positions the atoms would be about halfway
between two hexagons of atoms. Symmetry considerations
made 1t very likely that in their displaced positions the
atoms E and F have exactly the same x,y-coordinates, and
the same z-coordinate except for the sign. This is evident
as Structure I had mirror planes colnciding with the pseudo-
hexagonal nets, and only small changes in the x and y para-
meters of the displaced atoms (about 1/60) are required to
re-establish the mirror planes. The structure derived in
this way has space group Diﬁ - P4/mnm, and is the trial
structure adopted for the subsequent work. More will be
said concerning the space group later.

With the notation of the Internationale Tabellen(l4),

and in terms of space group Diﬁ, there are in the unit cell

Atoms of kind A in positions 2(a)

2/5
7/15 and

Atoms of kind B in positions 4(f) with x

Atoms of kind C in positions 8(i) with x

y = 2/15
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Atoms of kind D in positions 8(i) with x = 11/15 and
y = 1715

Atoms of kind E in positions 8(j) with x = 11/60 and
z = 1/4

ITHE TESTIKG OF THE TENTATIVE STRUCTURE

After the derivation of the tentative structufe the
next step was to test the ability of this structure to
account for the observed intensities of the reflections.
Under the assumption that all atoms had the same form fac-
tor, which was very reasonable at this stage since the form
factors for iron and chromium are about the same for all
Bragg angles, the structure factors were calculated for all
reflections of type (hkO), (hkl), (hk2) and (hk3) that are
possible with CuK~ radiation. The form factor was arbi-
trarily set equal to unity. The results are presented in
Table III. In the same table are also presented for com-
parison, the semi-quantitative values of the observed inten-

sities.
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TABLE III

AGREEMENT BETWEEN CALCULATED AND OBSERVED SEMI=QUANTIZATIVE

INTENSITIES

Indices F calc. Observed Indices P calc. Observed

intensity intensity
000 30 002 14,0
100 0 -—- 102 0 A
110 - 0.1 -— 112 - 2.7 m
200 - 0.1 -— 202 10.6 Vs
210 - 0.2 - 212 1047 Vs
220 0.0 - 222 - 7.2 s
300 0 - 302 0] -
310 - 0.1 —-—— 312 6.1 ms
320 1.5 -— 322 - 2.2 m
400 - 0.1 - 402 1.6 w
410 157 Vs 412 5 § w
330 15.6 Vs 332 o P | VW
420 0.6 -— 422 - 0.6 -—-
500 o) ——— 502 0] -—-
430 - 0.2 -—- 432 4.7 m
510 0.6 - 512 - 5.1 mw
520 0.0 - 522 - 6.0 m
440 - 1.3 - 442 - 1.5 ———
530 - 1.4 - 532 11.8 S
600 1.2 -—— 602 -11.7 s

610 0.3 -—- 612 8.9 ms
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TABLE III (continued)

Indices F cale. Observed Indices ¥ calc. Observed
intensity intensity

620 - 1.3 -—— 622 73 ms
540 - 1.0 - 542 7.0 ms
630 - 0,8 - 632 . 347 m
700 0 — 702 0 —
710 - 0.7 o 712 0.7 -
550 16.0 Vs 552 4,0 w
640 0.9 -—— 642 2¢3 W
720 -16.4 VS 722 - 4.8 m
730 1.0 —_— 732 - DB -—
650 2.4 mw 652 - 2.4 -
800 - 2.6 — 802 13.1 s
810 - 0.8 —_— 812 2.3 _—
740 2s5 ——— 742 -13.0 S
820 16.6 Vs 822 S m
660 15.9 Vs 662 5.4 mw
830 1.9 - 832 0.9 -——
750 0.8 --- 752 3.7 ---
840 0.8 --- 842 0.9 =
900 0 —— 902 0 -
910 0s3 —— 912 35 w
920 2.8 w 922 - 7.0 mw
760 - 2.4 w 762 6.8 m
850 - 242 ——— 852 - 3.8 w
930 1.5 —-— 932 - 75 ms

940 - 2.8 - 942 10.1 S
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TABLE III (continued)

Indices F calc. Observed Indices F calc. Observed
Intensity Intensity
770 - 3.3 ——- 772 - 4.0 S—_—
10.0.0 2.0 —-—- 10.0.2 - 6.0 ms
860 - 3.3 m 862 9.3 ms
10.1.0 333 W 10.1.2 - 9.3 s
10.2.0 - 0.4 —-— 10.2.2 4.9 m
950 = 3.3 m 952
10.3.0 - 2.1 - 10.3.2
870 0.0 —-—- 872
10.4.2

960 152 Vs 962

0 11 e 2
11.1.0 16.9 Vs 11.1.2
10.5.0 -15.5 Vs
001 0] -——- 003 0 -—
101 0.8 ——- 103 0.8 i
111 0.6 - 113 06 -
201 0 - 203 0 S
211 0.0 -— 213 0.0 e
221 - 1.6 —-——— 223 - 1.6 -———
301 - 0.8 -—- 303 - 0.8 -
311 - 2.2 m 33 - 242 mw
321 - 0.6 - 323 - 0.6 -—
401 0 —— 403 0 -

411 13.6 S 413 13.6 <
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TABLE III (continued)

Indices F calec. Observed Indices F calec. Observed
intensity intensity

331 -13.6 S 333 -13.6 s
421 0.8 - 423 0.8 o
501 - 2.0 - 503 - 2.0 -
431 3.0 m 433 3.0 m
511 3.0 m 513 3.0 w
521 Dy W 523 2.2 —
441 0.6 443 0.6 —
531 0 S 533 0 e
601 0 - 603 0 —
611 1.6 —— 613 16 -
621 2.2 w 623 D3 -
541 - 2.2 w 543 - 2.2 w
631 - 3.0 - 633 - 3.0 .
701 5:2 mw 703 Be2 mw
N - 0.8 - 743 - 0.8 -
551 12.0 s 553 12.0 s
641 - 3.6 w 643 - 3.6 mw
721 11.4 S 723 11.4 S
234 - Jd - 733 = el —
651 0.8 _— 653 0.8 o
801 0 - 803 0 -
811 0.0 -——- 813 0.0 -——-
741 0.0 —— 743 0.0 -——
821 10.6 S 823 10.6 s

661 -11.4 s 663 -11.4 S



..
TABLE III (continued)

Indices f calc. Observed Indices F calc. Observed
intensity intensity

831 ~ Bub - 833 - 0.6 —

ol 3.0 s 753 3.0 mw

841 - 5.2 mw 843 %) m

901 - 5.2 w 903 - 5.2 m

911 - 3.6 mw 913 - 3.6 mw

221 3.0 m 923 3.0 ms

761 3.0 m 763 3.0 ms

851 B2 - 853 2.2 VW

931 - 2.2 w 933 - 2.2 mw

941 156 —_——

771 - 1.6 —-——

10.0.1 o) -

861 - Za2 m

10.1.1 - 2.2 m

10.2.1 340 W

g5l 0 e

10.3.1 5e2 m

871 - 3.6 m

961 10.6 s

1l.1.1 - 8.4 S

Vs very strong

8 strong

ms medium strong
m medium

mw medium weak
w weak

vw  very weak
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As the qualitative overall agreement between the observed
intensities and the absolute values of the calculated struc-
ture factors was excellent, it could not only be concluded
that the tentative structure was correct in its main fea-
tures but also that it was a very good approximation to the
trwe structure so far as the accuracy of atomic positions is
concerned. The derivation of the structure up to this
point has already been described in the literature by
Dr. Shoemaker and the present authorcls).

After submitting that paper for publication we learned

(16)

that Dickins, Douglas and Taylor of the Cavendish Labor-
atory, Cambridge, had, apparently more recently, arrived

at essentially the same structure for sigma CoCr as ours

for sigma FeCr, except that they tentatively accepted the
space group Civ. Both their structure and their space

group are based on a comparison of their data with the

data obtained for A-uranium by Tucker(l7>, who has reported
for A-uranium essentially the same structure we found for
the sigma phase except for the space group (which we believe
is probably incorrect). It is interesting to note that al-
though Tucker's data (particularly the (hkO) data) are very
similar to ours, he failed to note the superposition of two
pseudohexagonal nets in the (hkO) layer and arrived at the
structure in a much more laborious way by means of a series

of Patterson projections and Harker sections.
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TEE FINAL DETERMINATION OF THE SPACE GROUP

Although it seemed very likely that the true structure
has the same space group as the tentative structure - namely
Diﬁ - the other two space groups, Civ and ng, were actually
still possible, as structures of these symmetries could be
generated from the tentative structure even by very small
shifts of the atoms, however unlikely small shifts may be in
this particular structure. A series of least squares refine-
ments of the parameters, starting from a number of hemihe-
dral structures, might enable the question of the correct
space group to be settled if the data were sufficiently good.
However it turned out to be possible to settle the question
with fair certainty from simpler considerations.

In order to obtain data for the least squares refinement
to be carried out later, Weissenberg photographs with h equal
to 0,1,2,3,4 and 5 had been taken as will be described in a
later section. The intensities that were obtained confirmed
essentially quantitatively the fourfold periodicity
(ABCBABCBA++++) of the reciprocal lattice in the c-direction
that has already been referred to. As copper radiation
makes available reflections only out to L= 5, two Weissen-
berg photographs were taken with molybdenum radiation, one
with h = 0 and the other with h = 2, in order to obtain re-
flections out to ! = 12. The intensities were not estimated
guantitatively, but within the limitations of semi-guantita-

tive comparisons the periodicity was found to hold throughout
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these layerss; this periodicity also held for non-systematic
absences. Incidentally, the h = O photograph gave no reflec-
tions inconsistent with the n-glide planes.

Evidently the atoms are very closely confined to layers
co/4 apart. Any significant deviations of the atomic x- and
y-coordinates of atoms E from theilr holohedral relationships
would seem to be incompatible with this result from the stand-
point of packing, while physical Jjustification for very small
x and y deviations of atom E does not seem to exist. Iuch
the same can be said regarding removal of the holohedral sym-
metry by a special ordering of the iron and chromium atoms.
Hence the space group D%ﬁ appears to be almost certainly cor-
rect, although the possibility of slight deviations from
holohedral symmetry cannot be rigorously ruled out. The only
remaining criterion at our disposal is the final agreement
between observed structure factors and structure factors
calculated for the holohedral structure after refinement. A
brief account of the considerations involved in arriving at
this conclusion with regard to the space group has been pub-
lished by the author and Dr. Shoemaker(18). Also given in
that article are our reasons for believing that the space
group of A -uranium, ¢ -CoCr, and other sigma phases are
probably the holohedral one, Diﬁ. The data of Tucker(l7)
on A -uranium were obtained with copper radiation, and hence
suffer markedly from absorption; nevertheless, within the

apparent precision of the data the periodicity that we have
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found in the FeCr data also seems to hold in the /4 -uranium
data, and we doubt if the deviations from the holohedry
claimed by Tucker are significant. A4n (Ok/) Patterson
projection calculated by us for his data is very different
from the projection published by him and seems to support
the holohedry. Since the space group for o -FeCr is now
known to be holohedral with almost complete certainty, and
since the evidence that has been presented by Tucker<l7)

for a lower symmetry in ,-uranium seems to be erroneous,
the presumption of the lower symmetry in < -CoCr by Dickins,
Douglas and Taylor(16) 1s no longer justified and should be
replaced in this and all other sigma phases by a presumption
of holohedral symmetry until evidence, if any, is obtained

to the contrary.

THE REFINEMENT OF THE TENTATIVE STRUCTURE

General aspects - As has already been pointed out the

structure of the sigma phase could deviate from the tentative
structure only very 1little. It should therefore be feasable
to make a least squares refinement of the atomic coordinates
immediately without any prior attempts to improve the tenta-
tive structure further by trial and error methods. '

So far no attempt had been made to determine what kind
of atoms are situated in the: crystallographically different
positions. In the semi-quantitative work done up to this

point the small difference between the form factors of iron
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and chromium would have made such an attempt out of ques-
tion. It did not seem very likely that such a determination
could be made even by a least squares refinement especially
since, for practical reasons, we decided to wuse CuK™ radia-
tion in collecting intensity data. Due to the fact that
this radiation has a wave length that i1s not very different
from the critical absorption wave lengths of iron and chro-
mium, the small difference in the effective form factors is
reduced still further. DNevertheless, we decided to intro-
duce in the least squares refinement not only parameters
expressing the positions of the different kinds of atoms
but also parameters expressing the effective atomic numbers.

The collection of intensity data - All intensity data

were obtained from Weissenberg photographs taken with a
Unicam Welssenberg x-ray goniometer having a camera radius

of about 30 mm. Nickel filtered CuK« radiagtion was used
throughout. Eastman "No Screen" x-ray film was used for

all photographs. A multiple film technique was used in which
three films were exposed at the same time.

With Crystal No. 4 rotating around the c-axis photo-
graphs were taken with l = 0,1,2 and 3 and with Crystal No. 6
rotating around the a-axis photographs were taken with
h =0,1,2,3,4 and 5. Due to the small size of crystals
rather long exposures were required; they were generally
of the order of one hundred hours.

Estimation of intensities - The multiple film technique

of de Lange, Robertson and Woodward(13) was used. The very
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strong intensities were estimated on the film farthest away
from the crystal and the very weak reflections on the film
closest to the crystal. Intermediate intensities were gen-
erally estimated on more than one film. With a knowledge

of the film factor (the factor by which the intensity of

an x-ray beam is decreased on passing through one film) it
was possible to recalculate the intensities so that they
were all on the same basis. The most convenient way of
estimating intensities was to use intensity strips. The
stripsused in this work were prepared by exposing repeatedly
on the same set of films, at different exposures, the re-
flection (004) (which is the strongest reflection observable
with CuK« radiation). Iloreover, it was prepared in such a
way that the increase in the logarithm of the £§§ZL§&¢¥ from
one spot to the next was constant. For convenience, the
intensities were all estimated on a logarithmic scale, with
the base of the logarithms set equal to the film factor(19),

20). This value

which for the film used is known to be 3.7(
was verified in the present work by comparing the three in-
tensity strips that had been prepared simultaneously with
the multiple film technique.

In spite of the very small size absorption and/or
extinction were sometimes troublesome. It was found that
some reflections showed intensities that differed somewhat
from the intensities of equivalent reflections observed in

other positions on the film. This was apparently due to

the irregular shape of the crystal. In such cases the
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intensity of the strongest spot was estimated.

Calculations - In view of the fourfold periodicity
observed in the reciprocal lattice with increasing l, it is
convenient to combine equivalent layers for the least
squares computations. This can be done if the purely geo-
metric part of the structure factor can be dissociated from
the atomic form factors. Since iron and chromium have
atomic numbers differing ohly by two, the dependence of
the form factors of iron and chromium on scatfering angle
might be reasonably assumeé to be the same. KEence for use
in the least sguares calculations not only the temperature
factor but also the average form factor was divided out of the
observed structure factors F,yg, giving quantities which
will be denoted ﬁobs' Likewise, temperature and form
factors were left out of the calculation of the correspond-
ing quantities ﬁcalc from the positional parameters assumed
for the tentative structure.

In order to obtain the quantities ?obs from the inten-
sities estimated visually from the films, the following
steps were followed:

(1) Conversion of the intensities from the logarithmic
to a linear scale.

(2) Division of the intensities by Lorentz and polar-
ization factors.

(3) iultiplication by suitable empirical exposure con-
stants, one for each set of films, in order to put all inten-

sity values on the same absolute scale.
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(4) Averaging of the results obtained for. each plane
if the intensity was observed on more than one set of films,
giving corrected relative intensities I',

(5) Division of the square roots of the values I' by
the average atomic form factor for iron and chromium at the
corresponding Bragg angles, giving modified relative struc-
ture factors called ﬁ'.

(6) Division of the F-values by the combined scale

5

and temperature

h

actors

Hh

or the corresponding reflections,
giving the final modified structure factors F which were
used in the least squares refinement. The structure factors
calculated in this way should be functions of the positional
parameters, the atomic numbers, and the indices only.

Some of the steps have to be explained further. In
step 3 the empirical exposure factor was arbitrarily set
equal to unity for the reflections observed on the ! = 2
Welssenberg photograph. These reflections were selected
for the standard exposure scale as they were more numerous
than on any other photograrh. The exposure factors were
then determined for the photographs with h equal %o 0,1,2,3,
4 and 5 by comparing the intensity values for reflections
that these photographs had in common with the l =32 photo-
gravh. In a similar way it was possible to determine the
exposure factors for the films with l equal to O,1 and 3
by comparing intensities for reflections on these films
with intensities for the same reflections on the photographs

with h = 0,1,2 etc.
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In step 6 the combined scale - temperature factors were
determined in the following way. If it is assumed that the
temperature factor is anisotropic it is reasonable to assume
that the scale - temperature factor is a function of the
indices hkl of the type

a(h® &+ k2) & b12
FE¢e eq. 5

or

log,of % (2 ¢ k2) ¢ 822 4y

where C, a, by, %, & and Y are constants. The scale factor
is naturally equal to C or antilog Y. The problem at hand

is to determine the constants & , £ and . Now we can write

/\l
£ o BN
Feale
co A ) .
if Fcalc is based on a set of reasonably correct parameters,
such as the trial parameters already given. e had already

/\ vy
evaluated F on the basis of these parameters (see Table III).

calc
The constants & , @ and ¢ could then be calculated by the
least-sguares solution of a set of observational equations
of the type

A
log _EL = o« (h? & k2) +/?22 + ) eq. 6
Feale
IS
Only equations corresponding to reflections with large Fcalc‘
values were used, since nearly all of the reflections were

either strong or weak, and the weak reflections would have
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had small weight. The result of the calculations was
logof = 0.0016(h? #+ k) + 0.005512 - 1,134 eqg. 7

Since f is increasing with increasing values of h, k, and !
an absorption effect may be present in addition to the
temperature effect. A4s furthermore

0.0016 s
- v
0.0055 " &2

where a, and cy are the unit cell dimensions, the combined

o}
scale~temperature factor is approximately isotropic.
A

and of the partial de-

m Lt b i
The calsulatlons of the K eele
. . i) .
rivatives ng— for use in the least squares treatment were
K

done with the nelp of the general expression for the geo-
N (&)

metric structure factor given in the Internationale Tabellen(l42

The contribution A to the structure factor from sixteen
equivalent atoms in general positions is, according to thas

reference,

4 = Bcos2m]g [cos2ﬂ(hx - 123'-%—’-'—i)cosgﬁ(;gy " 21%1{) "

eq. 8

cos2m(kx ¢ E-‘!'-—L‘?‘--é-)0052/’7’(hy - Ei%ti)]
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For the purpose of introducing an atomic number parameter
the right hand side of Equation 8 may be multiplied by
Z/%Z, or R.
The least squares treatment was carried out in accor-

dance with the procedure given by Hughes(2l)

, except with
regard to the weighting. However, instead of refining all
positional parameters simultaneously, it was found conven-
ient, in view of the fourfold periodicity of the reciprocal
lattice already referred to, to refine the one z-parameter
(for atoms E) separately and to combine the essentially
equivalent reciprocal lattice nets for the purpose of re-
ducing the number of observational equations needed for the
refinement of the x and y parameters. This procedure would
be equivalent to the complete least squares refinement if
in the latter the off-diagonal matrix elements connecting
the z parameter with the x and y parameters and the atomic
number parameters were neglected.

For the refinement of the one z parameter, Equation 8

may be written
A = G(x,y,R)cos27lz

If we take the partial derivative with respect to z we get

d : .
15% =-G(x,y,R) 21lsin2nlz
For | even and z = 4+ this expression vanishes. For ! oda

and z = 4+ we obtain

5= =} omla(x,y,R) - forl-1,5,9 and & forl3,7,11..
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Consequently for small z-shifts of atoms E the structure
factor will change by an amount that is proportional to! .
This makes 1t possible to determine the deviation of the
z-coordinate of atoms E from the approximate value of + by
means of a simple least squares calculation using the dif-
ferences among the ﬁobs-values for reflections with the
same h and k indices and ! equal to Le3s8 eho.

The weights w for all reflections were determined by
the following procedure. The weight w of an observed quan-

tity ﬁobs can be written

€g. 9

=]
]
Q ‘,_.
L=5 0]

where CY% is the standard deviation. The standard deviations
of the quantities ﬁobs consequently had to be determined.

The standard deviations in the corrected relative intensities
I', in all cases where I' represented the average of values
obtained on two or three photographs, were calculated from
the deviatlions of the individual values from the means.

These standard deviations were divided by the respective I!
values, and then by two to obtain relative standard devia-
tions in the structure factors. These relative standard
deviations were plotted against the uncorrected intensities
as obtained directly from the photographs. A smooth curve
was then drawn through the field of rather scattered points
to represent the average relative standard deviation?ﬁ/@ as

a function of the uncorrected, directly observed intensity.
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This curve showed that Gﬁ/ﬁ is smaller for medium-strong
reflections than for either strong or weak reflections.
From this curve the relative standard deviations were ob-
tained for all observed reflections. In each case where
a gilven plane had been measured two or three times, the
value read from the curve was divided by the square root
of the number of observations. Multiplication of these
values by the F gave the standard deviations required in
Equation 9.

The procedure just described was applicable to observed
reflections. However, as has been mentioned before a great
nunber of non-systematic extinctions were observed among
reflections with I = 0,1,3,4,5.... These pseudo-absences
certainly should be considered in the refinement of the
structural parameters. This was done as follows. Only re-
flections with an uncorrected intensity greater than a cer-
tain minimum could be observed on the photographs. From
this minimum value it was possible to determine for each un-
observed plane the value of F which corresponds to the small-
est observable intensity; this value of P may be denotead
ﬁmin- Now for an unobserved reflection ﬁobs may have any

value satisfying the inequalities

A

< F < ¢ ﬁ

obs min

A
-5

min

It may be assumed that any value within these limits is

about equally probable, leading to an expectation value of
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ﬁobs equal to zero. Consequently, an observational equa-
tion can be written for such a reflection, in which ﬁobs
is set eqﬁal to zero. The normalized probability distri-

A
bution function of Fobs is

- - 1
P(FObS) = -é-;E\-m—;-n

We can now express the standard deviation of ﬁobs from its

expectation value zero by the equation

o2 _ A A 2 _a 2
F~ = (Fops = Fexp)™ = Fops
or
*Fmin A 2
o A2 A AD A Frnj_n
o= P(F )F< aF = 3
“Fmin

The weight w consequently is
) ﬁ%in

There was a total of 179 different reflections. The corres-
ponding weights varied from 1 to 516. There were 87 weights
smaller than 10 and 75 smaller than 5. The average of the
weights larger than 10 was of the order 100. To reduce the
amount of work in the least squares calculation it was de-
cided that all observational equations of a weight smaller
than 10 should be excluded. The least squares refinement was
consequently based on 92 different reflections. It should be

mentioned that all the observational equations for the
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non-systematic extinctions were excluded in this ways; the
maximum weight for such an observatiomal equation being
three.
With these welghts the refinement of the z parameter
was first carried out. Then, for the purpose of refining

the remaining parameters, the value of ﬁob for each plane

s
with {= 0 was averaged with that for the corresponding plane

with ! = 4, and the weights were added. Likewise corres-
ponding values of F for [ = 1,3, and 5 were averaged and
their weights added. The calculations were carried out

from this point in the usual way, the computation of the
matrix elements (including all off-diagonal matrix elements)
being carried out by means of punched cards and IBM machines.
The normal equations were solved by an iteration procedure
for two cases: (1) for all parameters, with the complete
matrix; and (2) for the positional parameters alone, matrix
elements connecting these with the atomic number parameters
being omitted. The object of carrying out the calculation
for the second case was to avoid additional errors due to

the inclusion of superfluous parameters in case the so-called
atomic number parameters proved incapable of satisfactory
interpretation.

The results of the refinement of parameters - The re-

sults of the least squares refinement of all positional and
atomic number parameters are presented in Table IV. The

uncertainties quoted are probable errors.
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TABLE IV
RESULTS OF REFINEMENT OF ALL STRUCTURAL PARAMETERS

Kind of Empirical X y A
atoms atomic no.
A, in 2(a) 27.5%0.8 o. 0 0 0
B, in £(f) 23.3%0.5 0.3976%0.0005 0.3976%0.0005 0
c, in 8(i) 25.2%0.4 0.4624%0.0006 0.1322%0.0005 0
D, in 8(i) 25.2%0.4 0.7374%0.0005 0.0651%0.0005 0
E, in 8(j) 22.8%0.4 0.1824%0.0005 0.1824%0.0005 0.2524%0,0006

- em am em em em me em e wa em  me e e mm  me e e em  tm  wm  wmm e e sm e em em = e me  we

The weighted average of the empirical atomic numbers of
all the atoms is 24.5 as compared to 25 which is the expected
average. The difference may be due to an incorrect scale
factor.

The results of the refinement of the positional para-

meters alone are presented in Table V.

TABLE V
RESULTS OF REFINEMENT OF POSITIONAL PARAMETERS ALONE

Kind of
atoms

A, in
B, in
Cy in
D, in

Ey in

2(a)
4(f)
8(1)
8(1)
8(3)

X

0

0.3981%0.0006
0.4632%0.0007
0.7376%0.0006
0.1823%0.0006

v

0

0.3981%0.0006
0.1316%0.0006
0.0653%0.,0006
0.1823%0.0006

Z

0
0
0
0

0.2524%0,0006
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It 1s seen that the second set of positional parameters is
practically identical with the first set.

In Table VI the calculated and observed structure fac-
tors are presented for all reflections except a few weak
ones at large Bragg angles, for which no guantative measure-
ments were made as the intensity could not be measured with
satisfactory accuracy. The structure factors were calculated
on the basis of the parameters in Table IV.

While it thus may be said that the crystal structure
of the sigma phase is now known with sufficient accuracy so
far as the positions of the atoms are concerned, this is
not the case with regard to identification of the atoms with
respect to kind. The atomic number parameters in Table IV
seem to indicate that a differentiation as to kind actually
takes place but the results can not be interpreted unambig-
uvously. Some reasonable interpretations of the atomic num-
bers can be made after the coordination of the different

atoms has been investigated. This will be described later.



Indices

000
100
110
200
210
220
300
310
320
400
410
330
420

500

TABLE VI

OBSERVED AND CALCULATED STRUCTURE FACTORS

A

Fobs

<1l.0
<1l.0
<1l.0

<1.0

<1.0
<l.4
<1l.0
1l4.4
13.8
< 1.5

<1.0

B

-0.1

~0,2
-0.6
0,5
1.5
Lol
-1.2

0.5

calc

Indices

002
102
Tip
202
212
222
302
312
322
402
412
332
422
502
432
512
522
442
532
602

B

13

obs calce
14,8 14.8
0
2.0 = 0.5
131 10,1
11.8 10.3
9.7 =6.9
0
5.8 5.9
3.4 =2.2
2.2 5.0
2.9 1.7
£1.7 1s5
<1.5 =0.2
0
4.4 3.7
3.7 =3.7
6.9 =6.4
Z 8.0 =0.5
13.4 11.4
19,4 =11.7
7.3 8.9
7.9 7.0
T B.h
3.3 =2.8

Indices

004
104
114
204
214
224
304
314
324
404
414
334
424
504
434
514
524
444
534
604
614
624
544
634

L 3

obs

30.6

< 1.0
<1l.0
<1l.0
<1l.0

«“ 1.0
<l.4
<1l.0
16:1
16.2
£ 1.5

£ 1.0
<1.5
<1.0
<1.5
L1.5
<15
Z 15
& 1.7
£ 1%

)

calc

29.4

"'Ool
0.4
0.2

~

-O.4

0.1
1.0
0.0
15.0
14.8
1.1

-0.5
1.6
-0.5
~-0.2
-0.6
O b
1.5
1.0

-102

<1.7 -0.5
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TABLE VI (Continued)

Indices ﬁobs ﬁcalc Indices ﬁobs ﬁcalc Indices ﬁobs %calc
700 0 702 0 704 | 0
710 S P R ¢ Y 712 <2.5 1.2 714 <1.7 0.2
550 11.8 14.3 Ehg 3.9 3.8 554 15,3 14.3
640 <1.8 1.0 642 2.9 2.7 644 < 1.8 1.0
720 16.7 =16.6 722 6.5 -5.8 724 -15,2 -16.6
730 < I8 U5 732 <2.0 -1.8 734 < 1.8 0.5
650 3.4 3.3 652 <2.0 -1.1 654 3.6 3.3
800 - 1.8 -1.4 802 13,1 12.7 804 < 1.8 -1.4
810 < 1.8 -0.8 S12 <« Bl BY 814 < 1.8 -0.8
740 < 2.0 1.3 742  13.5 =12.9 744 £ 2.0 1.3
820 16.5 17.1 822 7.9 7.7

660 14.8 15.3 662 4,5 5,2

830 £ 2,8 1.6 832 < 2.0 0.5

750 <2.0 0.8 752 3.4 3.0

840 € 20 dwd 842 <1.9 0.9

900 0 902 0

910 £ 2.3 1.3 912 4,3 4,5

920 Swl 3.6 g22 5.9 =5.1

760 2.t =-2.2 762 5.2 B.8

850 2.1 =1.7 852 4.3 =3.6

930 & 201 0.8 932 6.5 =8.1

940 < 2.1 -0.3 942  10.9 10.9

770 <2.0 -1.1 772 < 1.8 -1.5

106050 < 19 08 10.0.2 6.3 =5.7
860 3.4 =3.6 862 5.4 8.1
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TABLE VI (continued)
Indices ﬁobs ﬁcalc Indices ﬁobs ﬁcalc Indices ﬁbbs ﬁcalc
10.1.0 3.0 3.2 10.1.2 7.8 -8.7

10.2.0 <1.9 Oe2 10.2.2 4.2 4.4

950 3.9 -4.2
10.3.0 <1.9 -1.4
870 <1.8 <=0.5
960 10.4 14.6

11.1.0 18,5 16.5
10+5.,0 10,8 =15.0

001 0 003 0 005 0

101% 1.4 103% 1.6 105% Lo
111 2 1.0 6.5 113 <1.0 0.1 115 <1.0 1.0
201 0 203 0 205 0

211 < 1.3 0.3 213 <1.3 0.2 215 < 1.3 D4
221 <1l.6 =0.6 223 <1l.6 =1.0 225 <1.6 =0.3
301 <1.6 =0.3 303 <1.6 -0.8 305 <1.6 0.1
311 2.7 =2.3 313 2.6 ~2.1 315 2,6 ~2.5
321 <1l.6 -0.8 323 <1.6 -0.5 325 < 1.6 =1.2
401 0 403 0 405 0

411 12.8 13.8 413  13.1 13.8 415 12.4 13.8
331 14.7 -13.8 333 14.8 -13.9 335  13.9 -13.6
420 £ 8.8 1.3 423 <2 2.2 1.6 425 <58 0.9
501 & 1.7 =132 503 < 1.7 =0.9 505 < 1.7 =1.7
431 3.8 3.5 433 3.8 3.5 435 3.1 3.4
511 3¢3 3.2 513 3.6 3.4 515 3.0 3.0
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TABLE VI (continued)

k>

Indices %obs ﬁcalc Indices 7 P Indices F

obs “calc obs eaic

521 2.9 2.3 523 3.0 2.0 525 2:8 2.9
441 <25 03 443 < 2.5 =0.2
531 £2.5 0.0 583 <€ 2.5 =0.1
601 0 603 0
611 £2.0 0.7 613 <2.0 0.8
621 3.4 2.9 623 observed2.7
541 3.2 -2.3 543 3.2 -2.4
631 < 2.2 -=2.0 633 < 2.2 =2.4
701 4.4 5.2 703 4.4 5,0
711 < 2.5 =0.6 713 < 2.5 =1.0
i 13.4 33,1 553  14.3 13.0
641 3.5 =3.7 643 4,0 -3.4
721 11.8 10.8 723  10.3 10.9
731 < 2.3 =2.3 733 <« 2.3 -2.1
651 <28 15 653 <2.0 1.9
801 0 803 0
811 <1l.9 =-0.2 813 < 1.9 =-0.4
741 <l.8 =0.4 743 < 1l.8 =0.4
821 105 9.9 823 8.1 9.6
661 9.7 =11.9 663 1l.2 -12.0
831 £ 1.7 0.9 833 <« 1.7 1.5
751 2.6 -3.3 753 3.3 -3.1
841 4,6 4,5 843 dod 447
901 3.2 =3.6 903 3.6 =3.8
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TABLE VI (continued)

>

5 A A P A P ~
Indices Fopg Fegle Indices Fopg Fogye Indices Tobe Tealo

911 3.5 =3.2 913 25 =2.7
921 4,2 I 923 s 4.1
761 4.3 4.2 763 3.9 4.2
651  observed 3.1 853 observed2.7?7
231 3.3 =2.% 933 2.4 -2.6

941 <1l.6 0.6
771 <1.7 -1.7
10.0.1 0

861 3.6 -2.8
10.1.1 3.6 =3.5
10.2.1 2.4 2.3
951 <1.7 0.2
10.3.1 4.3 5.7
671 3.1 =3.6
961 8.3 10.9
1l.dal 6.5 «Bub

* The geometry of the camera did not allow these spots
to be observed.
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DISCUSSION OF THE STRUCTURE

General remarks

The final structure, as obtained by least squares refine-
ment, is shown in Figure 9. The space group is almost cer-
tainly D%ﬁ - P4/mnm. The parameters that have been used in
the calculation of the final structure factors (Table VI)
are those given in Table IV; the parameters that have been
used for computation of interatomic distances later on are
those given in Table V because of lack of an unambiguous
interpretation of the atbmic number parameters.

The packing is very novel and interesting; it might
even be given the name "tetragonal closest packing", for a
density which 1s about the average of that of iron and chro-
mium in the close-packed elementary states is achieved, though
of course the conventional use of the term "closest packing"
is restricted to simple structures in which all atoms are
equivalent. The structure may be described as consisting of

hexagonal close-packed layers which are locked together by

atoms displaced from these layers to positions about half-
way between them. It is easy to see why the sigma phases
are hard, brittle substances, as there exist no clearly ap-
parent slip planes.

The coordination polvhedra and interatomic distances -

The following coordination polyliedra, always of course with
a certain degree of distortion, were found to occur in the

sigma structure:
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Fizure 9. The unit cell of o -Felr. Filled and
open circles represent atoms in the planes
%=0 and z=1/2 respectively, while shaded
eircles each represent ti/o atonme above one
ancther with g—coordinstes equal to
approximstely 1/4 and 3/4 respectively.
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(1) The regular icosahedron, with coofdination number
12: Atoms of kind A and D

(2) A sexi-icosahedron, with coordination number 15:
Atoms of kind Bj and

(3) A tetra-icosahedron with coordination number 14:
Atoms of kind C and E.
A1l three polyhedra are buillt up exclusively with triangular
faces. Of the polyhedra only the icosahedron is regular.
The tetra-licosahedron,which has twenty-four faces,ls ob-
tained from the icosahedron by changing one of the five-fold
axlis to a six-fold axis. It has point symmetry, Dggq. It is
far from approximately spherical,being flattened (oblate)
along the six-fold axlis. The sexi-icosahedron, which has
twenty-six faces, 1is obtained from the tetra-icosahedron by
replacing one of its six-fold vertices by two vertices, which
then become five-fold, and distorting the polyhedron so that
all its edges become approximately equal and a polyhedron of
point symmetry D3h results. This polyhedron is somewhat
extended (ﬁblate) along the three-fold axis. The polyhedra
as they occur in the sigma structure are naturally all dis-
torted so that the point symmetries given above are deéstroyed.

The interatomic distances, with the number of times they

appear for each atom, are given in Table VII.



A-B 4 2,603 A

A-D 4 2,380 A

A-E 4 2.542 A
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TABLE VII

INTERATOMIC DISTANCES
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1
H
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2.380 A
2.695 A
2.483 A
2.476 A
2.470 A
2.453 A
2.538 A
2.562 A

2.603 4
2.536 A
2.414 A
2.695 A
2.833 4
2.920 A
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2.542 A
2.920 &
2.833 A
2.763 A
2.768 A
2.538 A
2.562 A
2.253 A
2.294 A

2.414 A
2.404 A
2.838 A
2.483 &
2.476 A
2.470 A
2.763 A
2.768 A
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It may be noted that a few distances, e.g. the distance
B - E, are remarkably long, so long in fact that one might
doubt that the atom E belongs to the coordination polyhedron
surrounding atom B as a ligate to this atom. But when it is
considered that the interatomic distances asre distributed
fairly evenly over a range from 2.25 4 to 2.92 4 it is hard
to exclude some atoms as being non-ligates. The very short
E - E bond actually is as remarkable as the long bonds. One
might think that these short bonds are single bonds or even
bonds with bond numbers exceeding one, but it seems also pos-
sible that they are bonds of high d-character or even bonds
of lower order that have been compressed due to lack of space
for the atoms. It therefore seems very likely that all the
atoms in the coordination shells are ligates of the central
atom with bonds that may very well be of widely different
orders. These bond orders will be discussed in detail later.
It is an interesting fact that in the sigma phase one kind
of atoms, kind B, has coordination number fifteen which 1s
not found very often.

It is interesting to note that the sigma phase structure
is related to the gamma brass structure in that the icosa-
hedral coordination also occurs for all atoms in gamma brass.

The nossible ordering of the iron and chromium atoms -

As has been mentioned earlier it is hardly possible to draw
any very reliable conclusions as to ordering of the iron and
chromium atoms in the sigma structure from the results pre-

sented in Table IV. The fact that the atomic numbers turned
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out to be different might for example be due to the fact
that the atomic form factors may be considerably different
at large Bragg angles as a result of different types of co-
ordination. It 1s therefore not impossible that the iron
and chromium atoms are distributed with complete randomness
in the structure.

It is rather likely however that at least some ordering
actually occurs in the structure in view of the highly dif-
ferent coordination polyhedra that exist, and also in view
of the fact that the sigma phase occurs in binary systems like
the iron-molybdenum system. The difference between the metal-
lic radii for these two metals 1s so great that a random
ordering seems unlikely. Attenpts were therefore made to
interpret the results in Table IV, as indicating an ordered
structure.

(a) The simplest interpretation is clearly that atoms A
are of one kind (presumably iron), atoms B and E of the other
kind (chromium), and atoms C and D intermediate (random oc-
cupancy of the two kinds). This would lead to a ratio between
the number of iron atoms and the number of chromium atoms of
1:2 whereas the actual ratio anpears to be in the neighborhood
of 1l:l. Consequently this interpretation, although not im-
possible in modified form,Goes not seem very attractive, par-
ticularly since it provides no very satisfactory correlation
with coordination.

(b) The empirical atomic number of atoms & (27.5) is
rmuch higher than that of the others; it is reasonable to

assume these atoms to he iron. Their coordination polyhedron
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is the icosahedron. Atoms D have the same coordination
polyhedron and the atomic number 25.2, which is 2.3 (or
about 2) smaller than that of atoms 4; they may reasonably
be assumed to be chromium atoms. The atoms E have such a
small empirical atomic number (22.8) that it is almost
necessary to assume them to be chromium atoms; the decrease
from 25.2 might be ascribable to the difference in coordin-
ation. If we then assume that the tetra-icosahedral coor-
dination decreases the effective atomic number we have to
conclude that the atoms C,which have the same coordination
polyhedron as the atoms E, may be iron atoms, since the
difference between the atomic numbers of atoms C and E is
2.4 or about 2. To obtain a structure of an approximately
correct composition (46.7 at. % Cr), it is then necessary
to assume atoms B to be iron atoms. This is consistent
with the trend already observed, for the empirical atomic
numbers of iron atoms A and C show a decrease with increas-
ing coordination number. The structure obtained in this way
would contain 53.3 at. =% chromium.

(¢) Dr. Shoemaker has suggested an assignment on quite
different considerations. As was mentioned in the intro-
duction to this thesis Professor Pol Duwez has pointed out
that in all known sigma phase binary compounds one of the two
constituents has the Al structure as one of its allotropic
nodifications in the elementary state, while the other has

o

the A2 structure as one of its allotropic modifications. In
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the FeCr-system the one with the Al structure would be iron
and the one with the A2 structure would be chromium. It is
then reasonable to place the iron atoms in positions of 1li-
gancy twelve and the chromium atoms in positions of ligancy
fourteen. Atoms & and D have coordination number twelve and
are therefore well sulted to iron. Atoms C and E have co-
ordination number fourteen and are therefore suited to chro-
mium. As some of the distances between these atoms and the
atoms in the coordination shells are quite long (2.8 and 2.9 4)
it is possible that the effective number of ligates is twelve
or thirteen instead of fourteen. There may, therefore, be
some random replacement of chromium by iron. Atoms B have
coordination number fifteen. The six distances to the atoms
of kind E are however so long that it might be appropriate to
consider the three pairs of atoms of kind E as equivalent to
three single atoms, so as to give an effective ligancy of
twelve. The atoms B may therefore be either iron or chromium,
perhaps randomly. If we assume that positions A and D are
occupied by iron atoms, positions B by iron and chromium in
about equal proportions, and positions C and £ by chromium
and iron in the ratio three to one, we obtain a structure of
the composition Feg Cry that has a chromium content of 46.7 at.f.
This composition corresponds to the peak of the sigma region
in the phase diagram. It will be observed that this assign-
ment bears no obvious relation to the empirical atomic number

parameters.
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These three postulated assignments may be considered
in the light of the valences of the various atoms, as cal-
culated from their bond numbers by use of the equation due

to Professor Pauling(gg),

D(n) = D(1) - O.6OOloglO n

and the single-bond radii given by Professor Pauling for
iron and chromium(23)(l.165 and 1.176 respectively). Since
these two radii are very nearly the same, their average was
taken for all calculations. The valences obtained in this
way are shown in Table VIII. The results are approximate,
for no allowance was made for the possibility of different
d-characters in the various bonds. The two very short bond
distances for atoms E lead to bond numbers of 1.4 and 1.2
these are quite possibly single bonds with large d-characeters.,
However, for the purpose of calculating approximate valences
it might well be justifiable to assume that differences in
d-character will largely cancel each other out when the bond
numbers are summed over all ligates. Also presented in
Table VIII are the three postulated assignments discussed

above.
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TABLE VIII

APPROXIMATE EUPIRICAL VALENCES AND POSTULATE

ORDERING ASSIGNENTS

Atom Emplir. Coord. Valence Assignment Assignment Assignment

at.No. number (a)* (b) (e)
A 27.5 12 6.76 Fe Fe Fe
B 23:3 15 4.55 Cr Fe Fe,Cr 1l:1
C 2542 14 5.34 fe,Cr Fe Fe,Cr 1:3
D o 12 6.23 Fe,Cr Cr I'e
E 22.8 12 6.07 Cr Cr Fe,Cr 1:3

* There is presumed to be enough replacement of Cr by
Fe to obtain the actual composition.
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There seems to be no obvious correlation between the val-
ences and the assignment (b). With assignments (a) and (c)
the valence of 4.55 found for atoms B could be considered to
be the result of the presence of trivalent chromium and
5.78-valent ironj; all other positions can be filled by
either iron or sexivalent chromium without much change in
the normal valences, in view of the approximate nature of
the empirical valences. With assignment (c¢) the 1l:1 mixture
of trivalent chromium and 5.78-valent iron predicts an aver-
age valence of 4.39, in close agreement with the value 4.55
found for atoms B.

There seems to be no clear cut case for any of these
three assignments, and the results of these considerations
of ordering in the sigma phase must be regarded as indecisive.
An investigation of the sigma phase Fello is in progress, and
results obtained to date are described in a later section.
It is hoped that reliable information regarding the ordering
in this phase can be obtained, and the large difference in
form factors gives good promise of making this possible.
However, in view of the atomic size factor, it is by no means
certain that the results obtained for the preferred positions
of molybdenum in sigma-Felio will be applicable to chromium in

sigma-FeCr.
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BRILLOUIN ZONE STABILIZATION

For a number of intermetallic compounds such as the
gamma alloys and alpha manganese it has been found that a
well marked Brillouin polyhedron occurs that contains only
slightly more than enough states to acco@bdate all the va-

lence electrons(24).

It 1s likely that in these cases the
filled Brillouin polyhedron contributes to the stability
of the structure.

Dr. Shoemaker undertook to investigate the question as
to whether or not Brillouin zone stabilization occurs also
in the sigma structure. He found one inner polyhedron
formed by planes correspond to (330), (410), (331), (411),
(202), (212), (222) and (002) that contains enough states
for 1.4 electrons per atom. Dr. Shoemaker also found an
outer very strongly marked polyhedron formed by planes cor-
responding to (720), (550), (721), (551), (602), (532),
(413), (333) and (004)., This polyhedron is shown in
Figure 10. It contains enough quantum states to accoﬁgdate
6.97 electrons per atom. This i1s of considerable interest,
for valences greater than six have been observed very rarely,
if ever, in metals; indeed it is likely that any increase
in valence beyond six provides no significant increase in
orbital strength(zg). However, the number of electrons
beyond the filled argon shell is eight for iron and six for
chromium which could give at most an average of seven elec-

trons per atom for a compound of the composition FeCr, which



Figure 10. The polyhedron of the second strong
Brillouin zone in o ~FeCr (courtesy
Dr. Shoemaker).
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represents approximately the minimum iron content in this
sigma phasej; the maximuﬁ iron content is variously reported
to be 56(1) to 58(26) at. %. Hence over the entire range
of composition of O -FeCr the average number of electrons
per atom exceeds the number accoé%dated by the observed
strong polyhedron. If it is assumed that the Brillouin
zone should be filled, the excess of electrons over an aver-
age of 6.97 per atom should go into non-binding orbitals,
presumably 3d, perhaps giving rise to ferromagnetism (which
does not seem to exist in the sigma phase) or anti- ferro-
magnetism. For a sigma FeCr phase with 58 at. % iron,
the average number of electrons per atom is 7.16, or about
0.2 electrons per atom in excess of the number provided for
in the filled zone. The sigma phase occurs in the FeV-system
with es—wmuch as 43 to 63 at. =9 iron(26),  vanadium has only
five valence electrons as compared to six for chromium, and
hence the average number of electrons per atom varies from
6.29 to 6.89; even the maximum number is insufficient to fill
the zone completely. The <;-phase in the CoCr-system(27),
which is probably the sigma phase, exists with a cobalt con-
tent ranging from about 34 to about 43 at. =% cobalt. For
the minimum cobalt content there are 7.02 electrons per atom,
and for the maximum cobalt content there are 7.29, so that
as in o -FeCr there is an excess over 6.97 over the entire
range. Although the composition ranges for all of these
phases provide in the neighborhood of seven electrons per
atom, there seems to be no clear-cut indication that the
composition limits are determined by the Brillouin poly-

hedron. Therefore it appears to be possible that the actual
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valences are of the order of magnitude of those already

given in Table VIII, and that the Brillouin polyhedron is

in all cases unfilled.

WORK ON TEE IRON-MOLYBDENUM SIGMA PHASE STRUCTURE

Introduction - As has been stated earlier it was not

possible to draw perfectly reliable conclusions as to the
ordering of the iron and chromium atoms in the sigma struc-
ture from the x-ray diffraction data as the difference be-
tween the form factors for iron and chromium 1s too small.
Therefore it became a matter of great interest to try to
determine the ordering of the atoms in some other binary
sigma phase in which the two atoms have considerably differ-
ent form factors and consequently x-ray data could be ex-
pected to give the necessary information. When we learned
that Professor Duwez and lir. Paul Pietrokowsky had found
the sigma structure also in the iron-molybdenum system we
became very interested in trying to determine the ordering
of the atoms in this phase. Professor Duwez kindly fur-
nished us with a powder sample of a Fello sigma structure.
Materials - The sample had been prepared as follows,.
Iron and molybdenum powders (325-mesh) were mixed in the
atomic proportions 1l:1 and then compressed to a pellet
under a pressure or 72,500 1b/sq in. The pellet was then
heated to 2600° F. and kept at this temperature for four

hours, after which it was crushed. The coarse powder was
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annealed for ten minutes at 2600° F. and then quenched in
a stream of helium gas in order to "freeze in" the sigma

phase, which is apparently unstable at lower temperatures.

Single crystal work - By the same method that was
applied in the work on the O -FeCr, a single crystal of
the Fello sigma phase was found in the sample furnished by
Professor Duwez. It was considerably more difficult té
find a single crystal in this case as the powder particles
in general appeared to be built up from very small crystallites.
The single crystal that finally was found was less than 0.01
mm in diameter. With this crystal Laue photographs were
obtained that confirmed the tetragonal symmetry of the
structure. Photographs were taken with the beam parallel
to the a-axis and the c-axis. Attempts were then made to
collect intensity data by Weissenberg photography. Although
this no doubt 1s possible even with the very small crystal
used here the work was interrupted as it turned out that
exposures of more than 500 hours were required for reason-
ably good photographs. At the time this thesis is written
the search for larger single crystals is in progress.

Pdwder work - In order to obtain data for the determin-

ation of the cell constants of the Fello sigma structure
some powder photographs were also taken. The photographs
showed exasctly the same general type of pattern as the
photographs obtained with the FeCr samples, and since the
symmetry of the Fello structure had been found to be tetra-

gonal it could be concluded that the two structures are the
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same, except possibly with respect to ordering. The photo-
graphs have not yet been measured accurately. A preliminary
determination of the cell constants has been made, however,
‘based on the data obtained from seven easily neasurable  lines,

with the following results:

ldo

ag = 9.188 & 0,002

O
A
0.002 %

£ 4

Co = 4,812

Discussion - The values found for ay and cg are respec-

tively 4.5% and 5.8% larger than the corresponding values
found for o’-FeCr. The fact that the value of ¢y has increased
more than the value of ay may be interpreted as indicating
that the atoms & are molybdenum as these atoms very likely
have more influence on the value of c¢o due to the very short
E~E bonds. It will be recalled that in the previous discus-
sion of ordering the o -FeCr structure, all three considera-
tions led to the prediction that atoms E are predominantly
chromiumj this is consistent with the interpretation just

macde in the Fello-structure.

This is as far as the work on the iron-molybdenum sigma
structure has progressed at the time this thesis is written.
We hope that it will be possible to find larger single cry-
stals which would greatly facilitate the collection of in-
tensity data. If larger single crystals cannot be found 1t
will nevertheless probably be possible to get the necessary
intensity data either with the crystal found so far or from

powder photographs.
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SULLIARY

The crystal structure of the sigma phase in the iron-
chromium system at 46.5 at. -% chromium content has been
determined by the application of x-ray diffraction methods.
The crystal lattice was found to be primitive tetragonal
with the following dimensions for the unit cell:

ap = 8.7995 £ 0.0004 A. d, = 4.5442 £ 0.0020 A.

The space group is almost certainly D%ﬁ -P4/mnm. The thirty

atoms in the unit cell are in the following positions:

Atoms A in 2(a)

Atoms B in 4(f) with x = 0.2981 % 0,0006

Atoms C in 8(i) with x = 0.4632 & 0,0007; y = 0.1316 ¥ 0.0006
Atoms D in 8(i) with x = 0.7376 % 0.0006; y = 0.0653 ¥ 0.0006
Atoms E in 8(j) with-x = 0.1823 £ 0,0006; z = 0.2524 % 00,0006

The kind and degree of ordering of the iron and chromium
atoms could not be determined.

The structure is conveniently described as being built
up from atoms situated at the net points of two pseudohexa-
gonal nets, one on top of the other and oriented at 90° to
each other. Eight of the thirty atoms in the unit cell are
displaced so that they are about half-way between two pseudo-
hexagonal layers. The observed hardness and brittleness of the
sigma phase can be explained by the fact that the possibility
of slip is very much reduced by the locking action of the

displaced atoms.
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- The iron-molybdenum sigma phase has also been studied
to a limited extent. That the structure of the phase is
of the same type as the iron-chromium sigma structure was
confirmed by comparing Laue photographs and powder photo-
graphs of o -Fello with corresponding photographs of o -FeCr.
the unit cell of O -Fello was found to be slightly larger
than that of o ~FeCr. The cell dimensions were found to

be

a, = 9.188 ¥ 0,002 A. c, = 4.812 £ 0,002 A.

The kind and degree of ordering of the iron and molybdenum
atoms have not yet been investigated but there is good
reason to belleve that it can be found quite easily from

x-ray diffraction data.



sl e

ACKNOWLEDGELNENTS

I have previously acknowledged the very valuable con-
tributions made by Professor Linus Pauling and Dr. David
Shoemaker. I am particularly indebted to Dr. Shoemaker
for making available for the preparation of this thesis
three drawings that had been made earlier for other pur-
poses. 1 am also indebted to him for having suggested
many revisions and interpretations.

I am very much indebted to Professor Pol Duwez and
ir. Paul Pietrokowsky for furnishing the sigma phase samp-
les, for making powder photographs available and for sug-
gestions and valuable discussions.

I am indebted to Professor J. H. Sturdivant and
Professor Verner Schomaker for valuable suggestions and
discussions.

I want to express my thanks to Mrs. Nan Arp for carry-
ing out a great number of calculations.

I also want to acknowledge the financial aid given to
me by the Ethyl Corporation in form of a fellowship for
the academic year 1950-51.

This work was done in part under a contract with the
Office of Naval Research and in part under a program spon-

sored by the Carbide and Carbon Chemicals Corporation.



=T e
REFERENCES
l. lletals Handbook, American Soclety for Metals, Cleveland,
1948 Bdition, p. 1194.
2. E. C. Bain and W. E. Griffiths, Trans. AIME, 75, 166 (1927).

3. P. Duwez and S. R. Baen, X-Ray Study of the Sigma Phase in
Various Alloy Systems, A.S.T.M. Preprint, 47, (1950).

4. A. J. Bradley and H. J. Goldschmidt, J. Iron Steel Inst.,
11, 273-288 (1941).

5. F. Wever and W. Jellinghaus, Mitt. K. W. Inst. Eisen-
forschung, 12, 317-322 (1930).

6. A. R. Elsea, 4. W. Westerman and G. K. lanning, Trans
ATIE, Tech. Paper No. 2393, (June, 1948).

7+« P. A. Beck and W. D. Manly, Journal of Metals, 1, 354
(1949).

8. H. J. Goldschmidt, Research 2, 343-344 (1949).
9. P. Duwez and P. Pietrokowsky, unpublished.
10. This thesis, p. 88.

11. 4. J. Bradley and H. J. Goldschmidt, J. Iron Steel Inst.,
144, 273 (1941).

12. P. Pletrokowsky, unpublished work.

13. J. J. de Lange, J. II. Robertson, and I. Woodward, Proc.
Roy. Soc., Al71, 398 (1939).

14. Internaticnale Tabbellen zur Bestimmung von Kristall-
strukturen, Gebruder Borntraeger, Berlin, 1935. Band I,
page 221.

15. D. P. Shoemaker and B. G. Bergman, J. Am. Chem. Soc., 72,
5793 (19503.

16, G. J. Dickins, A. 4. B. Douglas, and W. H. Taylor, J.
Iron Steel Inst., 167, 27 (1951) and Nature, 167, 192
(1951},

17. C. W. Tucker, Jr., Science, 112, 448 (1950)3; Report
AECD=-2957, entitled "An Approximate Crystal Structure
for the Beta Phase of Uranium", Knolls Atomic Power
Laboratory, Sdmectady, July 7, 1950,



185

19.

20,

21.
22.
23.
24.

250
26,
27

94—
REFERENCES (continued)

B. G. Bergman and D. P. Shoemaker, J. Chem. Phys., 19,
515 (1951).

D. P. Shoemaker, Doctoral Dissertation, California
Institute of Technology, 1947.

E. E. Seeman, Hastman Kodak Company, private communi-
cation to D. P. Shoemaker, 1947.

E. W. Hughes, J. Am. Chem. Soc., 63, 1838 (1941).
L. Pauling, J. Am. Chem. Soc., 69, 542 (1947).
L. Pauling, Proc. Roy. Soc. 4, 196, 343 (1949).

L. Pauling and F. J. Ewing, Rev. ilod. Phys. 20, 112
(1948).

H. Kuhn, J. Chem. Phys., 16, 727 (1948).
P. Pietrokowsky, private conversation.

i« Hansen, Der Aufbau der Zweistofflegierungen, Julius
Springer, Berlin, 1936, p. 481.



-95~

PROPOSTITIONS

1. The determination of the crystal structures of many sub-
stances, e.g. intermetallic compounds, is often considered
possible only by the application of the powder method as the
substances are usually obtained in a microcrystalline state.
Based o? ?xperience on the sigma phase in the FeCr and Fello
systems'l) I believe that in many such cases single crystal
work can be done with specimens isolated from a coarsely-
ground sample with use of a microscope. Indications as to
whether thils method can be considered promising in an indi-
vidual case can be obtained by observing the degree of
graininess of powder lines in powder photographs taken of
the coarsely- ground sample.

2. The often very difficult task of indexing the lines on
powder photographs would be considerably easier if the de=-
generacy of the lines were known. It should be possible to
determine the degeneracy in many cases from the density of
grains in the powder lines on a photograph taken of a
coarsely--ground sample.

3. The degree and kind of ordering of the iron and molybdenum
atoms in the iron-molybdenum sigma phase can very likely be
determined by ordinary x-ray dilffraction methods as the form
factors of the two metals differ considerably. This is how-
ever not the case for the iron-chromium sigma phase in which
the form factors are about the same with copper radiation.

It is reasonable to assume that the ordering may be the same
in some respects in this phase as in the iron-molybdenum
nhase, but, of course, the difference in atomic radius ratio
may cause some differences in ordering. Direct information
1s very desirable in the case of the FeCr-phase. 1 therefore
propose that new intensity data be obtained with sigma FeCr
crystals using I'n K« radiation. Due to anomalous dispersion
it can be expected that the atomic form factors for zero
scattering angle would be about 24 for iron and 20 or less
for chromium i.e. a difference of four or more instead of the
normal two. This greater difference should suffice for at
least an approximate determination of the ordering of the
atoms in the structure.

4. Koster and Tonn(z) have investigated the phase dlagrams
of the CoW and Collo svstems. The two phase diagrams have the
same general features. Compounds of the approximate composi-
tion CoW and Collo respectively were found to exist w%thin a
rather narrow range of composition. 8ykes and Graff{3) have
reinvestiggted the Colio system with essentially the sane re-
sults as Koster and Tonn obtained. They also observed a
compound of the approximate comnosition Collo which they found
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to be most easily identified by its characteristic powder
pattern with the most distinguishable lines corresponding

to the interplanar distances 2.34 4, 2.14 4, 2.10 4, 2.06 A
and 2,007 A. The most distinguishable lines in Felio sigma
powder pattern correspond to the interplanar distances 2.41 &
2-23 A, 2.17 A, 2013 1'\&, 2.07 A, 2002 A and 1098 .Ao I theI‘e-
fore propose that the CoW and CoMo compounds be reinvestigated
by the powder method in order to determine whether or not

they have the sigma structure.

5 I have found that when illuminating gas is mixed with the
vapor of slilicon tetrachloride and burned with enough air

to give a hot flame, a smoke of silicon dioxide is formed
that consists of extremely small particles, so small in fact
that the smoke is barely visible and has a blueish color.

If the flame is allowed to impinge on some solid object the
smoke is precipitated as a translucent solid having much the
appearance of a gel and having an extremely low density (as
low as 0.03 of the density of silicon dioxide). Nevertheless
it has -a surprising mechanical strength. In layers having
thicknesses of several millimeters it transmits light with a
yellowish color while the light scattered by the substance

at 900 is bluish and almost completely polarized, indicating
that the particles of which the substance is built wup are
very small.

I propose

(a) That this substance be investigated with the x-ray
powder method in order to determin the approximate particle
size from the broadness of the powder lines, and

(b) that in view of the considerable mechanical strength
of this substance and its highly porous nature its sultability
as a material for membranes for gaseous diffusion be investi-
gated.

6. In distillation columns the repeated exchange of material
between the liquid and gaseous phase takes place either on
the "plates" or on the surface of the small bodies with which
the column is filled. It may be expected that a very good
exchange should also be achleved for a small drop of liquid
of appropriate size falling freely through the vapor. I
propose that the functioning of a distillation column be in-
vestigated that consists of an empty column, at the top of
which the reflux liquid is sprayed down with the drop size as
uniform as possible.

7. In his book "The(ggtical Principles of the Diffraction of
X-Rays", R. W. James claims that the formula for the total
intensity of the x-rays scattered by a molecular liquid, first
derived by llenke, can be applied without regard to the partial
ordering of adjacent molecules. This does not seem to be
correctes
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8. Dr. iAdanm Schuch(5> has observed that metallic cerium
subject to stresses goes over into another modification that
also has the cubic close packed structure but a smaller unit
cell., He gives the possible explanation that the 4f electron
has moved up into a hybridized 5d5s orbital where it is able
to participate in the metallic bonding. The increase in
energy in this change cannot be very large.

I propose that the electric resistivity and magnetic
susceptibility be determined for paramagnetic cerium com-
pounds like CeS at different temperatures as it is possible
that thermal excitation could cause the 4f to 5d%s transition
to take place to some extent.

9. For the intermetallic compound CeAl,, which has the
11gCun structure and is remarkaeble for having a very high
melting point, the valences calculated for aluminum and
cerium from the interatomic distances in the usual way are
found to ve 2.7 and 4.4, In view of the nature of such com-
pounds as Audls, (fluorite structure), for which there is a
good case for electron transfer, 1t would seem likely that
electron transfer takes place in Cedl, (and Laals, etc.)
from cerium to aluminum, the 4d elect%ons of cerIum pre-
sumably being used. Illowever, for the compound CaAl,, which
has the same structure as CeAl, and also has a high“melting
point, 1t i1s hard to see how increase of total valences by
electron transfer can take place, although the valences of
calclium and aluminum are calculated in the usual way to be
7+3 and 3.3 respectively. Hence it appears that other pheno-
mena than electron transfer must be considered in explaining
the extraordinary stability of compounds of this type.

10. Tor the two intermetallic compounds CoAl and NiAl, both
of which have the cesium chloride structure and are remarkable
for their very high meltihg points, the valences calculated
from the observed interatomic distances in the usual way

are 7.2 for aluminum and 7.9 for cobalt and nickel. The
actual valences cannot of course be that high, but it would
appear that all of the electrons beyond the argon shell in
nickel and cobalt are used in bonding. It would therefore

be of interest to investigate the magnetic susceptibilities

of these compounds.

L
11. The name Xngstrom is almost universally mispronounced
in English speaking countries. I therefore propose that
when the, name is written in full in these countries it be
spelled Xwngstrum, with symbol Aw,.
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