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FOREWORD TO VOLUME 1

THE study of the physical properties of metals has developed through
a number of stages. The first was that in which the mechanical
properties were correlated empirically with the heat treatment to which
the metal had been subjected and, sometimes, to the chemical composi-
tion. At this stage the successful treatment of metals was an art, in the
sense that experience rather than understanding led to the most
satisfactory results. The next stage, in which the internal structure of
the metal was examined, was based originally on the use of the micro-
scope and it was found that many experimental facts could be explained
in terms of effects that were of the right size to be seen under magnifica-
tions of less than about two thousand. The development of the x-ray
diffraction techniques allowed phenomena of a smaller order of mag-
nitude to be examined, and much of the existing information was found
to be comprehensible in terms of the geometry of the crystal structure
of the various phases that were visible under the microscope.

More recent development can perhaps best be discussed by a division
of the field into what may be termed ‘statics’ and ‘dynamics’. Under
the former heading is the study of the conditions which govern the
structure of a metal or alloy when it is in thermodynamic and mechanical
equilibrium. The theories of the phrases that are present in equilibrium
and of the elastic constants have made remarkable progress in terms of
rapidly developing theory of the part played by electrons in the metal.

Under the heading ‘dynamic’ effects we may include both the
conditions governing the approach to equilibrium in respect of the
phases that are present, in which diffusion plays an important part,
and the response of a metal to forces which are sufficient to cause
non-recoverable or plastic mechanical deformation.

These and associated subjects have advanced so rapidly that it has
become difficult for research workers in one part of the field to remain
up to date in other branches. It is the purpose of this volume, which
is the first of an annual series, to present authoritative reviews of the
present state of knowledge in specialized aspects of the field that includes
both physical metallurgy and metal physics. It is not intended that any
one volume should form a complete textbook on these subjects. It is
hoped rather that a few subjects of current interest should be discussed
rather fully so as to cover, in the course of several years, all the more
important aspects in which progress is being made. In order to make
the series reasonably self contained it is proposed that the necessary
‘historical’ background should be included the first time a particular
subject is discussed. Subsequent articles on such subjects will generally
only cover the more recent progress.

B. CHALMERS
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FOREWORD TO VOLUME 2

ProcGRrEss in metal physics has been rapid and extensive since the
preparation of the first volume of this series and much significant work
has appeared even since the planning of the present volume. It is
because of the rapid progress that is being made in the particular field
of polygonization that it was thought desirable to include three papers
on closely allied topics. Ttis hoped that this will give a more compre-
hensive and balanced account than would have been possible in a
single paper so soon/after the ideas had been formulated. In other
respects this volume follows the policy set forth in the foreword to
Volume 1. The subjects chosen are all new ones, as far as this series
is concerned, although they have all been under investigation for a
considerable time; in each of them there has been significant progress

in the last fe .
n the last iew years B. CHALMERS
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1
ORDER-DISORDER CHANGES IN ALLOYS
H. Lipson

THE suBjJECT of the order-disorder transformation in alloys has already
been extensively covered; in addition to sections devoted to the subject
in a number of books,!-¢ many reviews5-1° exist, a particularly com-
prehensive one having been written by Nix and SHockLEY? in 1938.
Each of these reviews, however, has stressed one particular aspect of
the subject—Nix and Shockley, for example, were concerned mainly
with theory—and none of them contains a reasonably full summary of
the different types of superlattice that occur in practice. In addition,
new methods of experimentation, particularly with x-rays, have been
devised during the last few years for examining in greater detail the
kinetics of the transformations.

An attempt is made here to describe superlattice structures as com-
pletely as possible, and to show how the x-ray diffraction effects arise.
The theoretical side of the subject will be dismissed rather briefly,
since it is covered so well by Nix and Shockley, and for similar reasons
the section on experimental work is mainly concerned with the under-
lying principles rather than with practical details. Again, the results
of experiment are chiefly concerned with introducing the ideas that
have arisen since 1938, and these ideas provide a pointer to the way in
which progress is likely to take place in the future. The article may
thus, in a general way, be regarded as complementary to that of Nix
and Shockley, in addition to providing a guide to work that has been
published since their paper was written.

SUPERLATTICE STRUGTURES

Explanation of the Term Superlattice—A crystal is composed of atoms
arranged in regular three dimensional array. Since the array is
regular, in order to specify a structure it is not necessary to indicate
the positions of all the atoms; we need to specify only that group of
atoms which is repeated to form the whole crystal together with the
three units of translation. If we apply these units of translation to a
single point we produce what is known as the lattice of the crystal, the

B 1



PROGRESS IN METAL PHYSICS

framework without the atoms. The parallelepiped of which the three
units of translation are the edges is called the unit cell, and a unit cell
can be found by joining any one atom to the three nearest atoms that

are similar and have similar environ-

Q@O0 O0OO0O0@®@OO®O ments, provided that the four atoms

Q@O O0OO0OO0OOOOO O are not in the same plane.
O00@0000O0OO®  Metallurgists often use the term
CO®@O0OO0O®O OO @ lattice to represent the complete struc-
CO0O0O@OOO0OO ture, whereas, of course, it is an
OO0 O@®@OOO0O O abstraction useful only in describing
Q@O0 O0@®@OO0OO0OO0O @ structures. The error has arisen be-
Q00000000 O cause many metallic structures can be
00O O0OO0OO0OOO® ® completely specified by placing a sin-
OC00@O0O0O0OO0O® O gle atom at each point of a lattice;
O Aatem @ 2atm for example, copper has its atoms

Figure 1. Random solud solution of 20%, arranged Ol.l the. points f)f a fac‘e-
B atoms n A atoms centred cubic lattice, and iron has its

atoms arranged on the points of a
body-centred cubic lattice. (These lattices are both formed by equal,
mutually perpendicular, translations, but-the former has extra lattice
points at the centres of the faces of the unit cell, and the latter has an
extra point at the centre of gravity of the unit cell. It is important
to note that, although the cubic unit cell is the simplest to use, it is
not the smallest in volume.)

This concept is satisfactory for pure metals, but requires modification
for solid solutions. Suppose we have a solid solution of 20 per cent of
element B in element A; if we place an atom B at a lattice point, the
lattice translations may not lead to an atom B. For solid solutions,
therefore, we regard the lattice as a collection of atomic sites; whether
an A atom or a B atom occupies a particular site depends upon several
factors, the chief of which may be pure chance. Thus, we assume that
the atoms are arranged at random, as showh in two dimensions in
Figure 1. This figure was produced by means of a well shuffled mixture
of two types of card in the ratio of 4 to 1; when one type was turned up
an open circle was drawn at a lattice point, and when the other type
was turned up a black circle was drawn.

There is another point to be remembered: if the two atoms are of
different sizes they will tend to displace each other from the lattice

2
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points, and the structure will not be quite regu-
lar, as is shown in Figure 2. This matter has been
considered quantitatively by WASASTJERNA,!!
and is of importance in the theory of superlattice
formation, to be considered later.

Although in many alloy systems chance appears
to be the main factor in deciding the apportion-
ment of the atoms, it is not always so; there may
be particular reasons why dissimilar atoms tend

to avoid or to attract each other. If, in a binary

alloy, dissimilar atoms
avoid each other, a two-

0000000000

phase system will be 2828282828

formed; whereas if they 000000000

attract, a superlattice ¢

structure willbe formed. ® C@ 000000

If, in an alloy of equal 1 34 3% 3084 Centred umit
atomic proportions, the 000000 o “’Z}Zﬂ/zﬁf
presence of one type of of JoX Jof Jog 9% pf/:,,,,,;@a
atom on a lattice point 0000000000
demands that each ceveoedeoOe
neighbouring pointshall O atom @2 ctom

be occupied by an atom
of the other type, we

Figure 3. Superlatice structure of composition AB

arrive at the structure shown in Figure 3; a corresponding structure

0000000000
oX JooXoX ¥ X JOF )

O 4atom @ Satom

Figure 4. Drsordered solid solution of com-
position AB

with randomdistribution of atoms
is shown in Figure 4.

The structure shown in Figure 3
is said to be ordered, and that
shown in Figure 4 is said to be
disordered. The former may also
be said to be a superlattice struc-
ture, the term originating in the
following way. To find the unit
cell of the disordered structure
we join nearest atomic sites as
shown in Figure 4; as we have
already seen, we cannot join simi-
lar atoms, but with the ordered



PROGRESS IN METAL PHYSICS

structure we can join similar atoms, as shown in Figure 3. This leads to
a larger unit cell with axes inclined at 45° to those of the disordered
unit cell, or, if we wish to retain the directions of the axes of the dis-
ordered unit cell, we may choose a centred cell which is still larger.
These larger unit cells, which are derived from a smaller one, lead to
the name superlattice.

Types of Superlattices in Alloys )
Ordered structures are found in many alloy systems, but there are
only a few fundamentally important types. These are most easily

Figure 5. Structure of FeAl Figure 6. Structure of AuCu,

described by giving the coordinates (x, », z) of the atoms in the unit
cell, each coordinate being a fraction of the corresponding cell edge.
Thus an atom at the centre of gravity of a unit cell would have
coordinates (4, %, 3).

1 FeAl—The most common type of superlattice is that typified by
the alloy FeAl. This is based upon the body-centred cubic structure of
a-iron, but has iron atoms at (0, 0, 0) and aluminium atoms at (4, 3, 3),
as shown in Figure 5. It should be noted that the complete structure
can be specified equally well by interchanging the aluminium and
iron atoms. Both atoms still have similar environments.

This superlattice has the same unit cell as the disordered structure,
but the lattice now is not centred. The structure is often called body-
centred cubic with a superlattice, but superlattice implies that the
lattice is no longer body-centred.

2 AuCuz;—This ordered structure is based upon the face-centred
lattice of copper or of gold. It is not as common as the FeAl type, but
is much more interesting practically, as will be shown later. The
structure can be described as having copper atoms at the centres of
the faces of the unit cell (0,3,3), (3,0,4) and (4,4,0) and gold atoms at
the corners (0,0,0) (Figure 6). Three other descriptions, with the gold

4



ORDER-DISORDER CHANGES IN ALLOYS

atoms at one of the points (0,4,4), (3,0,3) or (3,3,0), are also possible.
As for FeAl, this superlattice has the same unit cell as for the dis-
ordered structure, but the lattice is primitive, not centred.
3 FejsAl—Like FeAl, this type of superlattice is based upon the
structure of a-iron. The unit cell, however, has to be doubled in each

direction, being still cu-
bic but containing sixteen
atoms instead of two.
Of these sixteen atoms,
twelve areiron, at (0,0,0),
(1,0,0), (0,4,0), (0,0,3),
0,43), (1,0,3), (:,3,0),
G40, bhD, (b1,
(3:3,), and (3,3,), and
four are aluminium, at
(11D, b1, LD
and (},},3). This struc-
ture is shown in Figure 7, Figure 7 Structure of Fe,Al
from which it will be seen
that the aluminium atoms are arranged tetrahedrally in the unit cell.
It is interesting to note that, although the disordered structure is body-
centred, the ordered structure is face-centred; if any atomic site is
considered, those sites related to it by trans-
lations (0,3,3), (3,0,3) and (4,3,0) are occu-
pied by similar atoms. Other descriptions
of the structure are again possible, but they
all satisfy this condition.

4 AuCu—This structure is based upon
the face-centred cubic structure, but there

Figure 8 Structure of AuCu 1S animportant modification. Figure 8 shows

gold atoms at (0,0,0) and (4,4,0) and cop-

per atoms at (0,3,}) and (4,0,}), like atoms filling alternate planes.
Thus the distribution of atoms in a side face differs from that in the
base. The crystal has lost the cubic symmetry which the disordered
structure possesses; the structure is tetragonal and the unit cell edges
are no longer equal, the base edge being slightly longer than vertical
edge in Figure 8.
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5 MgyCd—So far we have dealt only-with superlattices based upon
cubic structures, but other types are also possible. The structure of
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Figure 9. Relative dispositions of atoms in Mg,Cd
structure

Mg,Cd is based upon the
hexagonal close-packed
structure. This has a hexa-
gonal unit cell, for which
two edges a are equal and
inclined at 120°, the edge
¢ being of unequal length
and perpendicular to the
other two. The positions
of the atoms are (0,0,0)
and (},%,4). The ordered
structure is represented by
doubling the cell edges a
and making one atom in
four in each of the layers
at z=0 and z =} dif-
ferent from the other three;
the two layers are so dis-

posed that each of the minority atoms is in contact with three majority

atoms in all the layers adjacent to it (Figure ).

6 Interstitial Superlattice Structures—In
addition to substitutional solid solutions, in
which one type of atom replaces another, it is
possible to have interstitial solid solutions, in
which the solute atoms are accommodated
in the interstices between the solvent atoms.
These structures are not very common be-
cause there are only a few atoms that are small
enough to be so accommodated, and even
when the atoms are small enough they seem to
be accommodated only with some difficulty.

The two atoms that form interstitial struc-
tures most readily are carbon and nitrogen.

Figure 10. Structure of y-tron,

shounng possible positions of

carbon atoms. Only a small

proportion of these positions can*
be occupred

Of particular importance is the solution of carbon in iron, both in the
face-centred y-form (austenite), where the carbon atoms fit readily in
the octahedral interstices (Figure 10), and in the body-centred form

6



ORDER-DISORDER CHANGES IN ALLOYS

(martensite), where the carbon atoms fit only with a great deal of strain.
As will be shown later, it is probable that both these structures are
ordered.

Nitrogen also forms ordered interstitial structures when dissolved in
iron. The material Fe,N, for example, has the same structure as the
solution of carbon in y-iron.!* In addition, however, structures based
on hexagonal close packing, but debased to orthorhombic symmetry,
also exist.13

7 Other Possibilities—It is difficult to decide where to draw the line
in enumerating superlattice structures. As we have seen, there are
ordered structures formed with the same unit cell as the disordered,
with only a change of lattice type (FeAl and AuCu,), there are struc-
tures in which the unit cell of the ordered structure is a multiple of that
of the disordered structure (FezAl and Mg;Cd), and there are structures
in which the symmetry is reduced (AuCu). There are other examples!4
of this last type: NiyAlg is based upon the FeAl ordered structure,
distorted in such a way that the symmetry is hexagonal. But here
another effect arises: the addition of aluminium to NiAl is such as to
introduce vacant sites into the structure. At first these are disposed at
random, but with extra aluminium they arrange themselves with
hexagonal symmetry. Thus the alloy Ni;Al; may almost be considered
as a ternary alloy of nickel, aluminium and holes.

These vacant sites do not always accommodate themselves so neatly,
but often involve small displacements of neighbouring atoms. The most
famous example!® of this is provided by the alloy Cu;Zng, the unit cell
of which is produced by trebling each of the edges of the body-centred
cubic cell. The two atoms at (0,0,0) and (4,4,4) in this large unit cell
are then removed and the remaining fifty two atoms are redistributed
to fill the gaps so created. This structure is essentially a superlattice
structure, and a large number of such structures has been worked out
on these principles, chiefly by BRADLEY. Nevertheless it is not usual to
describe these structures as superlattices, the term being confined to
those structures in which there are no displacements of the atoms from
their relative positions in the disordered structures.

8 Ternary Alloys—When a third element is added to an ordered
structure it may distribute itself in either an irregular or a regular way,
no new superlattice being produced in the former instance, but a large
number of new possibilities opening up with regular distribution. For

7
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example, the alloy CusMnAl'® has a superlattice of the FezAl type in
which the manganese and aluminium atoms are regularly distributed,
as shown in Figure 11. Nevertheless, such ternary structures do not

g

’

ot

g/ﬂ gﬁ#?7f

I

Iz [

OCu ©AL ®Mn

Figure 11. Dastribution of copper, alum-
nium and manganese atoms n the quenched
Heusler alloy

introduce any new principles, and
the evidence from binary alloys has
been sufficient to establish, in great
detail, the theory of the order-dis-
order change.

Short-range and Long-range Order—
The ordered structures described so
far have all been perfect, the proba-
bility that a site is occupied by a par-
ticular type of atom being either zero
or unity. If the proportions of atoms
are not correct for this condition to
be fulfilled, for example if an alloy of
iron and aluminium is not precisely

equiatomic, then some disorder must be present. But the interesting

points about many superlattice struc-
tures are that some disorder may be
present even if the ratio of the num-
bers of atoms is correct, and that the
amount of disorder can be caused to
vary by heat treatment. A great deal
of experimental work has been based
upon this fact and this in its turn has
provided the data for one of the most
satisfactory theoretical treatments of
reactions in the solid state.

Disorder may be of two types,
which can best be explained with
reference to a two dimensional struc-
ture containing equal numbers of

0000000000
L X JOX JOX Jof X X
L JoL JoX Je

[
O
[

L1 JoX JoJleJeX
cceCeCeO
o) JoJoXoX JoX J
L JoJoyoX X 1 J©
o) JoX X X JO
L JoX JoXoJo)

L X JOJoXoX

L JoX JoX X J
__JoJoX JoX Je)
0000000

O4atm @ satom

Figure 12 Solid solution of composition
AB wnth p = 0-8

atoms, A and B. Suppose that the structure has two different types of
site, a at the corners of the unit cell and B at the centres of the faces.
For perfect order, the probability that A atoms are on a-sites is unity,
and thus the probability that B atoms are on B-sites is also unity. If the
probability that A atoms are on a-sites is p, the probability that B

8



ORDER-DISORDER CHANGES IN ALLOYS

atoms are on a-sites is 1 — p, the probability that A atoms are on -
sites is 1 — p, and the probability the B atoms are on B-sites is p. Such
a structure, in which the value of p is 0-8, is shown in Figure 12. This
figure was constructed by interchanging one fifth of the atoms in
Figure 3 at random. The value of p is constant over the whole crystal,
and the order is known as long-range order.

The random structure shown in Figure 4 has a value of p = §, and
it might be thought that this value of p is sufficient to indicate a com-
pletely disordered structure. This is not so, for this value of p can

0000000000 000000800 e
o) JoX NoX JoX X JO) ceCeoeoeeoO
| JoX JoX JoX JYoX X ) L JOX JoX JOX )
C000000e0O0 o] JoI X©
cCeceeeCeCe ceoee
|_Jo¥ JoXoXoX JoX XO) L JOX Jeol(e)
cecoeevele 0.0IO.
o) JoX X JOX JoX X J ceocee
0000000000 | JoX JOl(®)
OC00e00e00e oY JoI Yo
O 4otom @55atom O 4 0tom @ 5atim
Figure 132 Solid solution of composition Figurer3b Structure shown in Figure 13a,
AB with short-range order with regions of perfect order (anti-phase

domains) delineated

result even for practically complete order, as is shown in Figure 1%a.
In this figure the probability that A and B atoms are adjacent is quite
large but is nevertheless not unity. Thus although there is no long-
range order, since p ~ }, there is another type of order, which is called
local order or short-range order.

Anti-phase Domains—Examination of Figure 13a shows that local order
can be regarded in another light, which is illustrated in Figure 13b.
In this figure regions are marked out in which there is perfect order,
and it can thus be seen that a crystal with local order can be regarded
as a collection of small crystals with long-range order. These smaller
crystals are not, of course, unrelated. As far as the atomic sites are
concerned, they are part of the same regular formation. But as a
boundary is crossed it will be noted that the sequence of atoms changes,

9



PROGRESS IN METAL PHYSICS

and for this reason the regions of perfect order are called anti-phase
domains. This term arises by regarding the two different atoms res-
pectively as the positive and negative parts of a wave: the change from
one domain to another thus corresponds to a change of phase of =;
that is, the two domains are exactly out of phase with each other.

THEORY OF THE ORDER-DISORDER TRANSFORMATION

The theory of the order-disorder phenomena is essentially simple
since no changes in atomic sites are involved. (The problem may be
contrasted with that of melting, where the regular arrangement of
atoms gives place to an irregular packing. The theory of this process
is far from being understood in as much detail as that of the order-
disorder change.1”18) Nevertheless, although the general outline is
satisfactory, the theory does not suffice to give quantitative agreement
with experimental results, and in the attempts to remedy this defect
many theoretical difficulties arise; to follow the subject completely,
considerable mathematical equipment is necessary.

The main outlines have been treated in papers by Bracc and
WiLLiAMS,29-21 BETHE,2? DEHLINGER,2? BORELIUS,?4 28 PriERLs, 28 and
FowLeEr and GUGGENHEIMER.?? EiseNscHITZ,2% 29 KIirRKwoOOD,30
CHANG?! and others32-41 have introduced modifications in attcmpts
to bring these theories more into accord with what must actually take
place in the atomic movement. The earlier findings have been
admirably summarized in the paper by Nix and Shockley, on which the
following account is based.

Definitions of Degree of Order—The adoption of some parameter to
express degree of order constitutes the first necessity. The quantity p
may be used, but it is unsatisfactory because it is not zero for a dis-
ordered alloy. For zero order in an alloy of composition AB, p = }.
Bragg and Williams therefore adopt the quantity s = 2p — 1, which is
zero for complete disorder (p = 4) and unity for complete order
(p =1). (Bragg and Williams use the symbol §, but in view of the
general acceptance of this symbol for entropy, which is important in
the theory of these changes, the symbol s seems to be preferable.) A
more general definition which is suitable for compositions other than
AB is

(6 — NI —7)

where r is the fraction of atoms of type A.
10



ORDER-DISORDER CHANGES IN ALLOYS

This definition of order does not, however, take short-range order
into account. As we have seen, a structure (Figure 13a) may be highly
ordered and yet have s = 0. Since, according to Peierls, the forces
that dictate the structure to be adopted are short-range forces—a
hypothesis that seems eminently
reasonable since it is difficult to
imagine these forces acting over
many atomic diameters—a theory
based on long-range order only is
not likely to be completely satis-
factory.2¢ Bethe therefore suggests
another parameter for specifying the
degree of order.22

This parameter is based upon the
immediate environment of a particu-
lar atom, and not upon the whole
crystal. In a crystal containing N

. Figure 13¢. Structure shown in Figure 13a,
atoms, each of which has z nearest "o T e atoms
neighbours, there are Nz/2 bonds.  marked; the number of such bonds is 142
(The factor 2 enters because the
pairing of two particular atoms is the same whichever is taken first.)
A certain fraction of these bonds will be between unlike atoms; suppose
this fraction be ¢. In a completely ordered structure ¢ will be large,
perhaps even unity, as it is for the two dimensional structure shown in
Figure 3; let us call this value ¢,,. For a random structure such as that
shown in Figure 4, ¢ will have a smaller value dependent only on the
ratio of the atoms present; let us call this value g¢,.

Then the short-range order parameter ¢ is given by:
o=4—9
9m — 4
This parameter can be illustrated by Fjgure 132 where there are 180
pairs of nearest neighbours. Because the perimeter atoms have only
three nearest neighbours instead of four, this number is not 200, as we
should expect from the expression Nz/2: in an actual structure, of
course, we are justified in neglecting such surface effects since much
larger numbers of atoms are involved. The number of unlike pairs,
marked in Figure 13¢ by lines joining the circles, is 142, and thus the
value of ¢ is 142/180 = 0-79. The value of g¢,, is, of course, unity, and
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the value of ¢, is 0-5, as can be seen by counting the number of unlike
pairs in Figure 4. Thus the value of o is:

0-79 — 0-50
100 — 0-50 0-38

In the disordered structure of copper-zinc alloy each atom is on the
average in contact with as many copper atoms as zinc atoms; ¢, is
therefore equal to }, as it is for the structure in Figure 4. Also ¢, in
the ordered structure, is equal to unity, and therefore
o=2¢—1

Now for the completely long-range ordered structure p = ¢, and thus
o = 5. Thus if one parameter is unity, the other is also, and only one is
needed to specify a completely ordered structure. For a partly ordered
structure, however, both parameters must be specified, the only relation
between them being that s < o.

In the disordered structure of AuCug, each copper atom is surrounded
on the average by nine copper atoms and three gold atoms, and so
contributes three unlike pairs. Similarly each gold atom contributes
nine unlike pairs. Since there are three times as many copper as gold
atoms, the fraction of unlike pairs is on the average } for each lattice
site. For the ordered structure each copper atom is in contact with
eight copper atoms and four gold atoms, and each gold atom is in
contact with twelve copper atoms and the fraction of unlike pairs is
(3 x $ + 1 x 1)/4 = 4. Thus for this structure

eo=(—bH/G—-P=49-1
For this composition, therefore, the short-range parameter does not
have the same form as the long-range parameter. This follows from
the fact that for the composition AB; p approaches unity and ¢
approaches } as complete order is attained; for the composition AB
both p and ¢ approach unity.

Mechanism of Ordering—Any theory of the order-disorder change
must first explain how order gan arise in a disordered alloy. In a dis-
ordered structure there is no distinction between the sites, and thus
it is difficult to see on what basis order can develop. The only rational
explanation is that some ordered arrangement of a few atoms happens
by chance, that this causes any similar arrangement of neighbouring
atoms to have lower free energy, and that, because of this, neighbouring
groups are similarly influenced, and so order spreads throughout the
crystal.

12
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Such phenomena are called cooperational. Attainment of further
order depends upon the degree of order that already exists. It may be
compared to the behaviour of a crowd of people: if one or two look up
fixedly at the sky others may not be induced to do likewise, but if more
people look upwards, the inducement to others to do so becomes greater,
until when nearly everyone is looking upwards the instinct to look
upwards also becomes almost irresistible even in the most obstinate
individuals.

Bragg and Williams expressed this cooperational tendency by
ascribing an energy V to the process of interchange of two atoms.!?
V must obviously depend upon s in such a way that it is zero when s
is zero and increases as s increases. V may be regarded as the increase
in energy of a crystal when two unlike atoms change to incorrect sites.
The simplest assumption is that V is proportional to s, thus:

V="V
This means that, when there is no order, no energy change is involved
in the interchange (or, more accurately, the energy change is as likely
to be positive as negative), and that when there is complete order the
interchange involves an energy of V,. Thus as soon as a certain amount
of order exists, the internal energy of the crystal is still further reduced
by extension of the order.

Opposing this tendency is the action of temperature: the energy of
the atoms manifests itself as kinetic energy, which, as it increases with
temperature, may cause atoms to interchange places. Atoms are more
likely to go on to right sites than on to wrong sites, but when there are
only a few atoms on wrong sites the effect of temperature may be to
send, on the balance, more atoms on to wrong sites than on to right
sites, merely because there are so many more atoms which can be
affected in this way. Thus the state of order must be regarded as one
of dynamic equilibrium, and for any temperature there will be a degree
of order which may be characteristic of that temperature.

Thus minimum internal energy is not the only consideration in
deciding what structure will be adopted; if it were, then complete order
would always exist. This fact can be expressed by making s dependent
upon V; the easier it is for atoms to interchange, the less the degree of
order, because there is little to hold the atoms in the right places if
they should happen to go there. The equation relating s and ¥V is not,
however, the same as the previous equation: first, the parameter V,

13
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must be a function of temperature, whereas V as a function of order
must be independent of temperature, and secondly s must approach
unity asymptotically as ¥ increases. Thus the two equations

V="V and s=53(F)
represent simultanecous equations whose solution or solutions give
equilibrium conditions for the alloy. The solution may be obtained
graphically as shown in Figure 14, which represents the curve for s(¥V)

/4

Lnergy V —e

Figure 14 Curve of s as a _function of V for an alloy of
type AB, the three strarght lines representing equations
V = V,s for different temperatures

obtained by Bragg and Williams for an alloy of the type AB, together
with a number of straight lines V(s) representing the first equation for
different values of temperature. The points Py, P, and P, represent
solutions to the equations for the corresponding temperatures.

Before enlarging upon this it is necessary to discuss the other
solution, which is independent of temperature, namely s = 0. This
solution is the one which expresses the fact that with zero order there
is no tendency for order to begin. A slight variation of s will, however,
lead to a finite value of V (this is represented by a small movement
along the V(s) curve). The value of s corresponding to this value of
V is greater than the value of s causing it: thus s will continue to increase
until the point P, is reached and to attain stable equilibrium the curves
must intersect at a point where the s(¥) curve has a smaller slope than
the V(s) curve.

As the temperature increases, the slope of the V(s) curve increases,
and thus cuts the s(¥) curve at lower values of s until finally the curves
become tangential and the order decreases catastrophically to zero.

14
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The temperature at which this happens is the critical temperature.
Above this temperature, s = 0 represents the only solution to the two
equations, and it is now a stable solution since the s(¥) curve has a
smaller slope than the V(s) curve.

For alloys of the type AB, still more interesting results are found.
The s(¥V) curve now has a point of inflection, and consequently three
solutions are possible for certain temperatures. Below temperatures

70 1_,'.
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Figure 15. Curve of s as a function of V for an alloy
of type AB,, the four straight lines representing equa-
tions V = Vs for different temperatures

corresponding to T, in Figure 15 only one solution is possible and this
is represented by the point P, as for the alloy AB. Above this tempera-
ture there are three solutions, corresponding to s = 0, the point P’
and the point P.

It is obvious that the first and last solutions both represent stable
states, but one is only metastable. The region of stability is determined
by drawing a line, representing the temperature 7,, which makes the
two shaded areas equal. For temperatures below 7T, and above T,
the disordered structure is metastable with respect to the ordered
structure, for temperatures above 7, and below T, the ordered
structure is metastable with respect to the disordered structure and
above T the disordered structure is the only stable one.

This theory leads to an essential difference between the two types of
alloy, AB and AB;. In the former the change of order should be con-
tinuous with temperature, although the change becomes more rapid
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as temperature increases and finally becomes extremely fast. The
change is known as a second-order change,4? and is characterized by a
variation in specific heat, but no latent heat. For the AB; alloy,
however, there is a discontinuous change at the critical temperature in
addition to the partial change of order that takes place below this
temperature. Thus there is a change of specific heat culminating in a
latent heat at the critical temperature which is characteristic of a first
order change.

Although the theory is successful in explaining the more obvious
features of the order-disorder change, the basis is not fundamentally
satisfying. Bragg and Williams themselves point out that it is coarse-
grained, as it makes the behaviour of a pair of atoms dependent upon
knowledge of the state of affairs in the whole crystal. To overcome this
defect Bethe has developed a theory?? based on the short-range order
parameter o. This theory deals with a small group of atoms enclosed
within a larger group with an ordered arrangement. The pattern of
sites is then defined by the outer grouping and the interchanges of
atoms on the inner sites can be treated mathematically. Since the
results thus obtained are qualitatively similar to those of the Bragg-
Williams theory, it is not proposed to discuss Bethe’s work in detail here.

Thermodynamic Principles—The order-disorder change can also be
treated by thermodynamic principles and provides a particularly
satisfactory example of the application of these principles. This is
again due to the fact that no changes in atomic sites are involved, only
changes of atoms on the sites; the total entropy of the system need
therefore not be considered but only the changes in entropy due to the
changes in atomic configurations. This is known as the configurational
entropy.

The entropy has to be examined because it enters into the expression
for the free energy, which must be a minimum for the stability of a
condensed (non-gaseous) system. Free energy is defined as U — TS,
where U is the internal energy, T is the temperature and S the entropy
of the system. In mechanical systems we regard the stability as de-
pendent only upon minimum potential energy, which corresponds to
the internal energy of a crystal.

This condition is approximately true at low temperatures. But for
higher temperatures a closer analogy is given by a mechanical system
to which a variable force is being applied and it is possible then that
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the system will adopt configurations quite inconsistent with the principle
of minimum potential energy.

This applies to crystals, where at low temperatures the atoms will
tend to have minimum internal energy, implying that they will pack
together as well as possible, forming either an ordered structure or two
separate phases. Such tendencies to regular arrangement are well
illustrated by the experiments of BrRacc and NYE*3 4¢ with equally
sized bubbles. It must be remembered that the tendency to order is due
to the similarity of atoms and that in a system of unequal units regu-
larity is extremely improbable. This improbability is merely an
expression of the fact that there are more possibilities of making an
irregular arrangement than of making a regular one.

By Boltzmann’s principle, the entropy of a given system is related to
the probability of that system—that is, to the number of different ways
in which the system can exist. The general tendency of a system
towards maximum entropy merely means that it tends to disorder
because there are so many more ways of specifying a disordered system
than of specifying an ordered one. Crystals disobey the principle
because at ordinary temperatures the condition of minimum internal
energy outweighs the condition of maximum entropy, but as the tem-
perature increases the second condition becomes more important and
finally the crystal melts.

The order-disorder change can be regarded as a similar effect on
a different scale. Superimposed on the regular arrangement of the
atoms there is a regular arrangement of the different atoms. Such a
regular arrangement can be made in only a few ways; the structure in
Figure 3 can be drawn in only two ways, with a full circle or an open
circle at the origin. But the disordered structure in Figure 4 has a large
number of alternatives and so is more probable; it has a greater entropy.

This theory can be applied quantitatively with fair success. An
ordered crystal of CuZn containing N atoms can be arranged in 2
different ways and a disordered crystal in 2V different ways (the fact
that the last atom has Hobson’s choice may be neglected if J is large).
Thus the difference in entropy by Boltzmann’s theorem is:

4s = klog. 2V — klog. 2
where k is Boltzmann’s constant (1-38 X 10-1¢ erg per degree).
This difference is equal to (N — 1)k log. 2. If we consider one gram
atom of the crystal (an average for copper and zinc may be taken),
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the energy change 74S, becomes equal to R log. 2, where R is the gas
constant and has a numerical value of 1-38 cal/gm atom/°C in com-
parison with the observed value of 1-01 cal/gm atom/°C. Thus we see
that this simple theory accounts very well for the magnitude of the
energy change on ordering. For more precise agreement account has
to be taken of the fact that order does
not disappear completely at the critical
temperature, some short-range order re-
maining.

The thermodynamic approach to the
problem has been developed by BorEL1us, 48
who has attempted to calculate the internal
energy and entropy in terms of the degree
of order. The expressions he formulates

contain a number of arbitrary constants
ng:m'g;n ;"}:Wd%f;m that he deduces from experimental results.
domans, A, B, C, D This method of approach is fundamentally

. different from those already described and
it is remarkable how closely the results of all the methods agree in
general outline.

Stability of Short-range Order—The presence of short-range order both
above and below the critical temperature can readily be explained on
the thermodynamic basis. Above the critical temperature the entropy
is not decreased greatly by the short-range order, but the internal
energy is presumably decreased considerably; below the critical tem-
perature short-range order causes the internal energy to be nearly a
minimum, yet with considerably increased entropy. A compromise
between the two opposing tendencies offers a suitable solution, both
sides almost obtaining what they require but neither side being com-
pletely satisfied.

In view of these observations, it is surprising that short-range order
below the critical temperature is so rarely observed. As far as the
author is aware it has been reported only for the alloy AuCug,*%
although Jones and Sykes think that it may exist in CugPd.4? The
following considerations provide a possible explanation of this fact.

In Figure 16 a (two dimensional) crystal is supposed to be divided
into four types, A, B, C and D, of domains of similar order. It can be
seen that it is readily possible to construct such a diagram without

18




ORDER-DISORDER CHANGES IN ALLOYS

contact between two similar domains; if two similar domains were in
contact they would, of course, constitute only one domain.

Such a crystal would have extra internal energy at the lines of
separation of the domains, and in order to reduce this energy the lines
would contract until they were straight, and made equal angles with
each other, in conformity with the princi-
ples of surface tension. This represents a
stable structure. Suppose, however, that
four types of domain are not possible, as
with the FeAl type of superlattice which
allows only two types of domain, one with
iron atoms at the corners, the other with
iron atoms at the centres of the unit cells.
This may be taken into account by suppos-
ing that domains A and C are similar to each
other and that B and D are also similar. Fgure 17. Modification of Figure

. 16, wath A = B and C = D, show-
Then effectively we have the arrangement ., rye0uiar boundaries of ants-
shown in Figure 17, in which there are two phase domans
types of domain with irregular boundaries.
According to theory, therefore, the boundaries should contract until
they are a minimum and it is not difficult to see that this can occur
only if either there is a single domain, or the boundaries between the
domains are straight lines.

It can be shown that it is possible for a three dimensional crystal to
have stable short-range order below the critical temperature only if
there are at least four different types of domain. Thus short-range
order is possible with structures such as FezAl or AuCug. Each crystal
would then contain domains whose boundaries obey the same relations
as a foam in which the pressure is constant at all points. BRAGG*® has
called such a structure a ‘foam structure’. Although it is possible for
the alloy FegAl, it has not been reported for this alloy, and AuCug
remains the sole definite example.

EXPERIMENTAL INVESTIGATION

Detection of Long-range Order—Of the various methods of investigating
order-disorder changes, x-ray diffraction is the most direct. The idea
of ordering had been postulated by TAMMANN4? in 1919 to account for
the chemical behaviour of certain alloys of copper and gold, but x-ray
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diffraction methods were not then sufficiently advanced to make direct
verification possible. It was not until 1923 that Bamn3® detected, on
x-ray photographs of AuCuj, lines that could only be attributed to a

superlattice, and his con-

M clusions were firmly estab-
lished by Jomannson and
LinpEe®! in 1925.

To explain the origin of
these lines we have to con-
sider the theory of x-ray
diffraction. When x-rays
} fallupon matter, they cause
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each electron to vibrate

and so to become a source

of x-rays and this familiar

O 4 atom @0 ?ﬁ'cct is knowfvn as scatter-

Figure 18. Traces of varwous lattice planes in a random ing. If the, pn.ace of matter

solid solution has a periodic structure,

as almost all solid matter

has, the scattered rays interfere with each other in such a manner as

not to disperse appreciable intensity in any direction unless the x-rays

are incident in certain directions with respect to the crystal. The

theory was treated rigidly by LAuE in 1912, but the rapid develop-

ment of the subject had to await the more physical approach of
Bragg in 1913.

Bragg regarded the crystal as composed of sets of planes that could
‘reflect’ the x-rays. Reflection in this sense is not specular; it can only
take place if the rays are incident at particular angles, these angles 8
being given by the relation

nA = 2d sin 8
where 7 is an integer, A is the wavelength and d is the distance apart
of the planes.

This concept is illustrated in Figure 18, which is a reproduction of
Figure 4, various sets of lattice lines having been drawn to represent the
lattice planes that would exist in a three dimensional structure. It will
be noted that all the lattice lines pass through atomic centres. This is
true for a simple structure such as that of Figure 4, but not in general;
the atoms may lie anywhere between the lines, but they must satisfy
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the condition that the distribution of atoms between the lines is the
same for any one set of lines.

From the few sets of lines drawn in Figure 18 it is obvious that in
any ordinary crystal a large
number of sets of lattice Smalles! umt cell
planes is possible. These
planes are specified by the
three quantities represent-

True (110) spacing

ing the directions of their (v0) planes
normals, these three quan-
tities being proportional, in
a cubic crystal, to the direc-
tion cosines of the normals. (i20) plones

Because of the properties of

the lattice the three quan-
.. k—-ﬁ,——J

tities can be represented by  (100) planes | tt cell with axes paratter @ 8 atom

integral numbers, hk l, the o those of the basic cell

Miller indi : Fagure 19  Traces of varwus lattice planes in an ordered
. er, indices, each lfldex structure, showing doubling of (110) spacing The
being inversely proportional  enlargement of the umt cell, compared wnth that of

to the intercept the plane Figure 18, 1s also shown

makes on the three axes of

the lattice. In Figure 18 the planes drawn are (100) which make inter-
cepts of 1 and « on the x and y axes respectively, (110) which make
intercepts of 1 and 1 on these axes and (120) which make intercepts
of —1 and }. We see that as the indices increase, the spacing d(h,k,/)
decreases and the density of atoms in the planes decreases.

The various planes in Figure 18 must, because of the randomness of
the original arrangement, on the average contain equal numbers of
the two types of atoms, and it can therefore be assumed that each of
the sites contains an average atom; this concept works quite well for
most X-ray investigations. But when the structure becomes ordered
this rule breaks down, at least for certain sets of planes. For example,
the (100) planes in Figure 19, which is a representation of an ordered
structure, still contain equal numbers of the two types of atoms; so do
the (T20) planes; but the (110) planes contain alternately atoms of one
sort and atoms of the other sort. From this it may be deduced that
the x-ray reflections from the planes (100) and (120) and any planes
of which the sum of the indices is odd will not be affected by the
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ordering, but that the planes (110) and any planes of which the sum
of the indices is even will be affected.

The nature of the change can be envisaged with reference to the
lattice concept introduced in the first section of this article. It was seen
that ordering is equivalent to the production of a lattice with a larger
unit cell, and corresponding to this enlargement there is the possibility
of larger interplanar spacings. Thus the spacing of (100) is now
doubled, but since these planes are interleaved with exactly similar
planes of atoms the effective spacing remains unchanged. The same is
true of the planes (120) but not of the planes (110), which alternately
contain different atoms, and since the spacing is the distance between
one plane of atoms and the nearest plane of similar atoms, the spacing
is effectively doubled. The importance of the statement that atoms do
not necessarily liec on the lattice planes in a crystal can thus be seen.

Since the (110) spacing is doubled, twice as many values of n are
possible in Bragg’s equation, and hence twice as many values of 6.
Thus extra x-ray reflections become possible when ordering takes place,
and these provide the only direct evidence for ordering. These reflec-
tions are called superlattice reflections and are illustrated in Figure 20,
which shows powder photographs of various types of ordered structures,
together with those of the disordered structures from which they are
derived.

For a general treatment of the subject it is obviously necessary to
approach the problem analytically. This is provided by the general
theory of x-ray diffraction,? which results in the following expression
for the relative amplitudes of the rays ‘reflected’ from the various sets
of planes 2 k I:

F(hk,l) = Zf cos 2w(hx + ky + I2)

where fis a quantity (the scattering factor) representing the scattering,
at the same angle 0, of a single atom, and #, y and z are the coordinates
of the atoms in the unit cell (the structural parameters) expressed as
fractions of the cell edges. The summation is taken over all the atoms
in the unit cell, and the quantity F(A,,l) is known as the structure
factor. (This expression is not perfectly general, but it applies to all
the structures considered here if the quantities involved are appro-
priately specified.)

The significance of the expression for F(h,k,l) is demonstrated when
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applied to the structure of a-iron, which has atoms at (0,0,0) and
(3,3,3). The value of F is then:

fcos0 + fcos2 w(3h + 3k + ¥) = f{1 + cos n(h + k + 1)}
This value depends upon the indices 4, k¥ and /, but it can be seen that
if h 4+ k + ! is odd, F(hk,J) must be zero. That is, a-iron gives no
reflections for which the sum of the indices is odd.

The ordered structure FeAl, however, has iron atoms at (0,0,0) and
aluminium atoms at (4,3,4). Thus the expression for the structure
factor is:

F(h,k,l) = frecos 0 + farcos n(h + k + 1)
This is not now zero when % + k + [ is odd, since the scattering factors
of the two elements are not equal at any angle of diffraction. Thus the
superlattice reflections are those with indices whose sum is odd. The
reflections with indices whose sum is even are unaffected, since their
structure factors are equal to fg. + fa

Applying these methods to the other structures, we can derive
similar relations. Such relations for the three cubic types of super-
lattice are shown in Table I.

Table 1. Rules for Indices of Main Lines and Superlattice Lines in

Cubic Structures
Main Lattice Lines
Structure Type (Dasordered Structuré) Superlattsce Lines
FeAl h+k+ leven T h+k+lodd
Fe,Al h, k and | all even and h, k and 1 all even or all odd
h + k + 1 a multsple of 4 and h + k + [l not a
multsple of 4
AuCu, h, k and | all even or all odd hy, k and | not all even or
all odd

These rules are illustrated by the indices accompanying the photographs
in Figure 20.

The presence of superlattice lines on the x-ray photograph of an
ordered alloy raises the interesting problem as to the origin of this extra
scattered intensity. The total intensity of x-rays scattered by a given
mass should be independent of the arrangement of atoms in that mass,
yet it appears that in the process of ordering the scattering is increased,
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since the main lattice lines remain constant and the superlattice lines
are produced.

The solution of this problem is connected with the background of
the x-ray photographs. Even if photographs are taken with purely
monochromatic radiation (most x-ray photographs are taken with a
great deal of white radiation as well), a certain amount of intensity is
scattered at other than the Bragg angles, and this has been shown to
be due to the displacements of the atoms from the lattice sites. Some of
this displacement is a temperature effect,3 since, to a pulse of x-rays,
the atoms appear to be stationary, but some of it is also the actual
physical displacement caused by the differences in sizes of the atoms.1
When ordering takes place, this latter displacement tends to disappear,
and thus the background scattering decreases. This decrease should
account for the intensity scattered in the superlattice lines.

This appears to be supported in practice. As explained later, order-
ing in the alloy AuCu, is manifested by the appearance of superlattice
lines that are broad at first and become sharper as the alloy is an-
nealed.5% 85 As far as can be ascertained, the intensities of the lines
have a constant value; they are produced, as it were, by a gathering
together of the background of the x-ray photographs until, with perfect
order, the lines are quite sharp and the background is due solely to the
temperature motion.

Measurement of Long-range Order—The rules outlined in Table I enable
us to detect ordering in alloys and to decide what type of superlattice
is present. As we have seen, the structure factor for the odd reflections
from the FeAl type of structure changes from zero to f4 — f3 as order
increases. Thus it should be possible, by measuring the intensities of
the superlattice lines, to deduce the degree of order present. If, for
example, the probability that the A atoms are on a-sites is 80 per cent,
the effective value of f4 is 4 f4 + 45 and the effective value of f3 is
$f3 + 4f4. Thus the value of the structure factor for the superlattice
reflections is:

Gfat+3fe) —Ffs+3fa) =%fa— 4S5
This is only 3/5 of the value for complete order, and therefore the
intensities, which are proportional to the square of the structure factor,
are reduced to 9/25 of the value they would have for complete order.
Thus we see that the intensities of the superlattice lines are very sen-
sitive to changes in the degree of order.
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There is, however, an experimental difficulty in this type of work
that can lead to considerable errors. This difficulty is important in
most kinds of x-ray investigation, and particularly for the simple
structures that occur in metals and alloys. The effect is known as
extinction, 5% 57 and is due to interference between the undiffracted
rays and those reflected twice by the same sets of planes. From Figure 21
it can be seen that any rays that are

reflected from a set of lattice planes / /
e

must be reflected from the other side

of the planes into the direction of the IAUZAN
undiffracted rays. It so happens that ~N_ \

phase with the undiffracted rays, and

so the undiffracted beam is weakened. Figure 21 Diagram showing how X-rays
This weakening takes place, however, @€ muliply reflected from a set of latiwce

. . planes

only when the beam is being reflected,

and is a function of the intensity of reflection. Thus arises the difficulty
of measuring a quantity which can only be derived after the evaluation
of a factor depending upon the quantity to be measured.

In general the effect is small, as most x-ray reflections are weak, and
the twice reflected beams are of negligible intensity compared with the
undiffracted beam. This is certainly true for superlattice reflections,
which, as we have seen, have an amplitude that is dependent upon the
difference between the scattering factors of two atoms. But it does not
apply to the main lattice reflections, particularly those with low indices,
for which the scattering factors of the atoms are large. In the cubic
structures considered the atoms all lie in the lattice planes and so scatter
exactly in phase. Thus considerable reduction of the intensities of the
main lattice lines by extinction®8 might be expected. This effect mili-
tates against the accurate measurement of the degree of order in a
crystal, and tends always to make the degree of order appear too high.

Another difficulty in measuring the degree of order in alloys occurs
when the elements are nearly equal in atomic number so that the
difference between their scattering factors is extremely small. For
copper and zinc, for example, the atomic numbers are 29 and 30, so
that the ratio of the difference of their scattering factors to their sum
is approximately 1/60. Since the intensity of an x-ray reflection is
proportional to the square of the structure factor, the intensities of the
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superlattice lines are only about 1/3600 of the intensities of the main
lattice lines and x-ray film cannot record such a range of intensities.
The copper-zinc system is an extremely important one, and for a long
time the existence of a superlattice at the composition CuZn was only
inferred from thermal measurements. The method of observation of the
superlattice lines will be described later.

The above reasoning would suggest that superlattice lines should be
stronger when the two elements concerned differ greatly in atomic
number. This is so only when we consider substitutional solid solutions.
For interstitial solid solutions the opposite is true: the superlattice lines
show more clearly the heavier the solute atom. As has already been
pointed out, the only atoms that can form interstitial solid solutions are
the small ones, and these are also the lightest. If the atom, for instance
hydrogen, has negligible scattering power, then the x-ray diffraction
pattern is not affected by its presence, and so the superlattice cannot
be detected. If the atom is rather heavier, then superlattice lines may
be detectable.

These facts can be illustrated by considering an example such as
Fe,N.12 This has iron atoms in the face-centred cubic positions,
(0,0,0), (0,3,3), (4,0,4) and (4,3,0), and has the nitrogen atom at
(3,3,3). The structure factor formula is thus:

Jre[1 + cos w(k + 1) + cos =(k + k)
+ cosw (h 4+ k)] +fncosw (h+ k + 1)

If &, k and [ are all even this reduces to 4fg. + fn; thus these main
lattice lines are slightly enhanced by the presence of the nitrogen atoms.
If h, k and [ are all odd, the expression reduces to 4fge — fy. Thus
these main lattice lines are slightly decreased in intensity. The super-
lattice lines, those with mixed indices, have structure factors of
magnitude fy and are thus very weak indeed. If the scattering factors
are assumed to be proportional to the atomic numbers, then the
intensities of the main even lines e.g. (200), of the main odd lines
e.g. (111), and of the superlattice lines e.g. (100), are in the ratios:

(104 + 7)2: (104 — 7)2: 7%

ie. 1:23:0-94 :0-005
Taking the range of visibility as 1:0-002, it will be seen that the
superlattice lines should be only just detectable.

Nevertheless much more direct proof is possible. While the effect of
the nitrogen on the superlattice lines is small, its effect on the intensities
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of the main lattice lines is considerable. The ratio 1:23 : 0-94 can be
quite satisfactorily established photometrically, although it is not
obvious to the eye since several other factors have to be allowed for.
Thus to establish the positions of the interstitial atoms the evidence
from the main lattice lines is of considerable value and can be used,
as will be described later, even when the superlattice lines cannot be
seen at all.

Measurement of Short-range Order—Short-range order is a more diffi-
cult problem to deal with, and only recently has really effective work
been done on its measurement, particularly in the alloy AuCu,.
The degree of long-range order may be zero in a crystal that contains
a considerable degree of short-range order, but that does not mean
that the superlattice reflections will be of zero intensity. This can be
seen by imagining each perfectly ordered region to be a domain
separated physically from the other regions, thus producing a set of
small perfect crystals, each of which would give its own diffraction
pattern of main lines and superlattice lines. The composite pattern
may therefore be expected to have the same appearance as for a group
of crystals with long-range order only.

Another effect obtrudes itself, however, if the domains become small:
the x-ray reflections become broadened.®?-%2 The word small is used
in a relative sense, almost all crystals being small by ordinary standards.
But x-ray wavelengths are very small indeed, and by x-ray standards
almost all crystals are very large. Only when they come down to the
dimensions of a few hundred x-ray wavelengths can they really be
considered small.

The broadening is an optical effect that occurs when the number of
scattering elements in a diffraction grating becomes small. A single
element, if small enough, gives no variations in its diffraction pattern.
Two neighbouring elements, however, give fringes in which the intensity
alternates sinusoidally between maximum and zero. The addition of
further elements produces sharper maxima and finally the ordinary
sharp lines that are observed with good diffraction gratings and perfect
crystals.

The sharpness, then, is a measure of the size of the crystals producing
the reflections. If the reflections are as sharp as can be expected with
the apparatus used, it may be deduced that the crystals are at least
10-% cm in size. When appreciable broadening occurs, which may be
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represented by B, then the crystal size ¢ can be measured®? by the
relation B = A/t cos 6. This effect, however, is not observed for all the
reflections from a crystal with short-range order. The crystal is not
separated physically into its separate domains, and, as far as the main
lattice lines are concerned, the crystal is not separated into domains at
all, since these reflections are unaffected by interchange of the two
types of atom.

Thus we have the rather remarkable effect that some of the lines,
the main lattice lines, remain sharp, while the other lines, the super-
lattice lines, vary in breadth. The variation can be extremely large,
and when the domains are merely a few unit cells across only the
reflections of lowest angle i.e. the strongest, can be observed at all.
These may be so broad that they are detectable only with very careful
work, and it is for this reason that short-range order has not been
greatly studied in the past.

Effects of Change in Symmetry—When a cubic disordered structure
changes into a cubic ordered structure no changes in the relative
spacings of the various lines occur, because these spacings have fixed
relationships to each other. There is a small overall change,3, 84
representing the fact that the disordered collection of atoms is bound
to occupy a larger volume than the ordered collection, but this can, to
a first approximation, be neglected.

When the symmetry changes, however, a new variable is introduced,
since the ratio of two axes (as in AuCu) may change with the degree of
order, and this, as we have seen in Figure 20, may produce quite
appreciable changes. For a cubic structure the spacings of planes such
as (200), (020) and (002) are necessarily equal, but when the symmetry
alters this is not so: we have seen that AuCu becomes tetragonal, and
with the ¢ axis smaller than @ and b, which remain equal. Thus while
the spacings (200) and (020) are equal and so produce a single line on
an x-ray photograph, the spacing (002) is smaller and so produces a
reflection at a slightly higher angle. Thus we find the original cubic
line split into two components, the one at higher angle having half the
intensity of the other. For other sets of indices different relations exist;
for example the line (420) will have three components when the struc-
ture becomes tetragonal, 420 + 240, 402 + 042, and 204 4 024.

Since the axial ratio is presumably a function of the degree of order,
the separation of the components with related indices can be taken as
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a measure of the degree of order.4® It provides a sensitive method of
following order-disorder changes, since it depends upon the measure-
ment of positions of lines, which can be done accurately, rather than
on the measurement of the intensities of weak lines or on the measure-
ment of small differences in the intensities of strong lines. If one accepts
the theory of WiLsoN®® it can also provide

an absolute measure of the degree of order, 222,
but no practical use seems to have been é Heating
made of this theory so far. é [~ col

Thermal Measurements—Although x-ray % Specmen
measurements provide the only direct way é
of establishing the existence of an ordered é | Copper

. % cylinden

structure, they are not particularly valuable é//////////////

in providing quantitative measurements Figure 52 Diagrammatic e
against which the theory may be tested.  ,cmanon of @is and Jones’
When the existence of an ordered structure specific heat apparatus
has been established, thermal methods can

be brought into use, and these methods have been much more success-
ful in providing the quantitative measurements required.

The quantity that is measured is essentially the change in internal
energy which occurs when the atoms rearrange themselves, although
it can be expressed in different ways. Suppose, for example, there is a
sudden change in the degree of order at the critical temperature, such
as theory (p 16) would demand for the alloy AuCug; this manifests
itself as a latent heat. But if there is a change from complete order to
zero order over a range in temperature, there is merely an anomalously
large specific heat.

Ordinary methods for the measurement of specific heats are not
satisfactory because the specific heat changes so rapidly that it has to
be determined at fixed temperatures i.e. over ranges of temperature
that are vanishingly small. The method that has been used for the
investigation of CuZn and AuCug®® is illustrated diagrammatically in
Figure 22. A small cylinder of the alloy, closed at one end, contains a
heating coil; its temperature can be measured by means of a thermo-
couple embedded in the metal and an external thermocouple measures
the temperature of the surroundings. The whole is placed in a furnace
the temperature of which can be gradually raised.

As the temperature of the furnace increases, the temperature of the
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alloy cylinder will lag behind, and in order that the two thermocouples
should indicate the same temperature heat must be supplied to the
cylinder. The amount of electrical energy necessary to ensure this can
be controlled manually, and the rate of provision of energy can thus
be measured as the temperature of the furnace rises. Some degree of
skill is needed to keep the two temperatures equal, or rather to correct
the small differences of temperature that inevitably arise, but the
method is particularly useful as no cooling or heating correction is
required since the specimen and the furnace are always effectively
at the same temperature.

For a material in which there is no change of order the specific heat
will show no abnormal value. But if disorder starts some energy will
be absorbed in the change and this has to be supplied by the heating
coil. Thus the rate of supply of heat has to be increased and reaches a
maximum at the critical temperature when it falls suddenly to more
normal values. This stage of the proceedings requires a certain amount
of skill. If calibrated instruments are used the apparatus is capable of
considerable accuracy. Unfortunately it cannot be used with falling
temperature, but in spite of this defect it has provided very valuable
evidence.

The same apparatus can be used to determine the total energy
change involved in taking the alloy from a certain state of order up to
the disordered state, or, at least, up to the state of order that exists
above the critical temperature. Of course, this information could be
obtained by integration of the specific heat data, but the following
experiment, described by Sykes and JonEs,®® provides a more direct
approach. The alloy is initially at a temperature T, in the copper
block, while the temperature of the furnace is raised to just above the
critical temperature. The current through the inner coil is controlled
(by hand) so that the temperature of the specimen is always within
0-1°C of that of the copper block. This current also passes through a
copper voltameter, and the total energy is thus given directly by the
amount of copper deposited.

Resistance Measuremenis—Electrical resistance is greatly dependent
upon degree of order in an alloy, but nevertheless it is not a particularly
useful property for testing theory in that the dependence of resistivity
on degree of order has not yet been theoretically derived. Yet values
of the resistivity of an alloy with various degrees of order can provide
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important evidence on some details of the internal structure, as will
be shown later.

The sensitivity of the dependence of resistance upon ordering is an
expression of the effect of imperfections on this property. Pure metals
are the best conductors and even slight impurity can produce a large
change. The theoretical explanation of this is that conduction is due
to the passage of the outer electrons of the constituent atoms from one
atom to another. The electronic system is common to all the atoms, %7
and this may be expressed by stating that a crystal of a metal is a single
molecule with a complicated electronic system. Most of the electrons
are moving with high velocities, but on the whole there is no resultant
motion in any one direction, as only when a potential difference is
applied do more electrons move one way and so provide a current.

Theory also suggests that a perfect crystal should be a perfect con-
ductor,®® resistance being due to the lack of regularity of the paths
available to the electrons. Such lack of regularity is produced by the
random thermal vibrations of the atoms, and therefore the resistance
of a metal increases with temperature. Lack of regularity is also pro-
vided in a much more marked degree by foreign atoms in solution, and
this explains both the great increase of resistivity with impurity content
and the lesser dependence of the resistivity of alloys upon temperature.

The effect which ordering should produce on resistivity can thus be
seen. With a disordered alloy there are considerable irregularities as
shown in Figure 2, and the resistance would be expected to be high.
When ordering is complete the regularities disappear and low resistance
would be expected. These results are found in practice, as will be seen
later. The effect of short-range order is to produce a residual increase
in resistance which may be expressed as reflection of the conduction
electrons from the boundaries of the domains.®®

RESULTS OF EXPERIMENT

X-ray Diffraction, Long-range Order—The most exhaustive work so far
attempted is that of BRADLEY and JAY®® on the alloys of iron and
aluminium with aluminium contents ranging from 0 per cent to 50
per cent. This range of alloys contains two superlattice types, FezAl
and FeAl, and Bradley and Jay set themselves the problem of finding
out how the atoms redistributed themselves as more aluminium was
added.
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They took x-ray powder photo-
graphs of alloys of various composi-
tions and these photographs were
then photometered in order to find
the distribution of intensities between
the superlattice lines and the main
lattice lines (Figure 20). It will be
appreciated that, since the presence
of lines (111) and (200) indicates
the existence of the FezAl type of
superlattice, and the absence of the
former line indicates the FeAl type
of superlattice, measurement of the

Oa ®b ®c @d
Figure 23 Four different positions in Fe ;Al

relative intensities of these lines should indicate the proportions of

atoms in the various positions.

Bradley and Jay expressed their results with reference to four different
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Figure 24a. Dastribution of aluminium atoms on
the four types of sites i annealed Fe—-Al alloys

types of positions, as shown in
Figure 23. By comparison with
Figure 7 it will be seen the
Fe3Al structure can be repre-
sented by putting iron atoms
at positions a, ¢ and d, and
aluminium atoms at b, while
the FeAl structure can be repre-
sented by putting iron atoms at
a and ¢, and aluminium atoms
at band d. For other structures

only certain proportions of one sort of atom are at any given set of
positions, and thus a structure at a given composition can be repre-

sented by plotting four points

’ 100
representing the percentage of |
. . . 1Y)

aluminium atoms in a, b, c or d }& ‘
positions. &

The results are represented in ~ * ]
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Figures 242 and b. Figure 242 % ol R
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for small concentrations of alu-

minium the aluminium atoms

Figure 24b. Dastribution of aluminium atoms on
the four types of sites in quenched Fe-Al alloys
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are distributed at random on the various sites. Thus the curves for
the four sets of positions are all identical, consisting of a straight line
of unit slope. Above about 18 per cent, however, ordering begins: the
aluminium atoms cease to occupy the positions a, ¢ and d and as far
as possible occupy the positions b, until the perfect FesAl structure is
produced with 25 per cent of aluminium atoms. (It will be remem-
bered that these results may not have absolute significance, since they
depend greatly on extinction which was not allowed for.) Up to about
30 per cent, the b positions remain practically fully occupied, and the
extra aluminium atoms all go into the d positions. Above 30 per cent
the b and d positions tend to equalize their aluminium content, until
finally they are both completely occupied by aluminium atoms.

The results for alloys quenched from about 600°C (Figure 24b) are
completely different. The straight line up to 25 per cent aluminium
indicates that no superlattice at all is formed in this range of compo-
sition. Ordering then takes place sharply; half of the b positions and
half of the d positions, both at random, are occupied by aluminium
atoms, and the other positions contain no aluminium atoms at all.
As the concentration of aluminium becomes greater, the proportions
of aluminium atoms in the b and d positions increase together until they
are both completely occupied to give the FeAl structure.

These results, particularly those for the annealed alloys, are important
because they give an indication of the principles upon which ordering
takes place. BraGG?? has pointed out that the ordering so conducts
itself that aluminium atoms tend to avoid each other. At small con-
centrations the aluminium atoms are so far apart that this effect is of
no importance, but as the concentration increases the aluminium atoms
tend to avoid being in neighbouring unit cells: they can do this with
25 per cent concentration only by adopting the FejzAl structure.
Above this concentration the rule cannot be obeyed, since there are too
many aluminium atoms, but the surplus atoms then tend to avoid
being nearest neighbours. Above about 38 per cent this tendency is
predominant until at 50 per cent even this condition is completely ful-
filled and practically no more aluminium atoms can be tolerated.
With higher concentrations much more complicated atomic arrange-
ments result.

The superlattice lines of FesAl are easily detectable because of the
large difference between the scattering factors of iron and aluminium.
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As was pointed out on p 25, however, the superlattice lines of copper-
zinc alloy are extremely faint because of the similarity of the two atoms,
and special methods had to be employed to detect them. These
methods take into account the slight dependence of scattering factors
o on the wavelength of the radia-

§ 2 tion which is being diffracted;”!
s 0 \on p ’
N if the wavelength is near to that
§ Cu ) . .
$’ 2  which the element would itself
S i -
2. Doty s emit as target of.' an x-ray .tube,
N / Inkp then the scattering factor is re-
3 J V\ tufg 4¢  duced. The curves connecting
Ly s the depression of the scattering
S 5 factors of zinc and copper with
b 08 10 12 A 7 76 18 20 wavelength areshown in Figure2s,

Figure 25. Depression of scattering factors of
Cu(left) and Zn(right) for wavelengths in the
neighbourhood of the K absorption edges The
diagram shows that ZnKa radiation s the
best a. radiation for emphasizing the difference
between Cu and Zn, but that CuK'B would

the curve for zinc being displaced
upwards by one unit to represent
its excess scattering factor with
respect to that of copper. It will
be seen that the scattering factors

be even better differ most when the wavelength

is about 1-:39 A, and the nearest characteristic K'a wavelength to this is
that of zinc itself, 144 A. JonEes and Sykes?? therefore took a powder
photograph of copper-zinc powder with ZnKa radiation and the super-
lattice lines were quite definitely detectable.

The method was first used by BrRapLEY and RopGERrs!® to differ-
entiate between the manganese and copper atoms in the Heusler alloy
Cu,MnAl. This alloy was known to have a superlattice of the FezAl
type, but it was not known whether the copper and manganese atoms
ordered themselves as well. By the use of FeKa radiation, which
depresses the scattering factor of manganese more than that of copper,
Bradley and Rodgers were able to show that these two atoms were also
ordered upon the sites available when the aluminium atoms had been
placed. The same methods have been used by HowarTH"® and LEECH
and SykEs”¥ in attempts to detect superlattices in the alloys FegNi and
FeNi,, and by ErLis and GREINER?S to detect a superlattice in the
alloy FeCo.

As was explained on p 6, interstitial superlattices are nearly always
difficult to detect because of the small scattering factors of the interstitial
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atoms. An example of the use of accurate measurement of the intensities
of the main lines is given by the work of Jack!? on the alloy Fe,N; an
outline of this work was given on p 26.

In this alloy the superlattice lines were just detectable. A more
extreme instance, for which the superlattice could be detected only by
extremely accurate measurement of the intensities of the main lines, is
that of austenite, face-centred cubic iron with carbon in solution. For
many years there had been some controversy about the positions of the
carbon atoms, there being several interstices into which it was possible
for them to go, but PETcH?® was able to show that the largest ones
were chosen. These interstices are the same as those in which the
nitrogen atoms are situated in Fe,N, but the experimental difficulties
were greater in the work on austenite because only a small proportion
of the interstices are occupied at the saturation solubility of carbon in
austenite.

The difficulty of having to observe weak diffracted beams can be
avoided by means of the newly developed subject of neutron diffrac-
tion.”% 78 The atomic neutron-scattering factors, or scattering cross
sections as they are called, vary from atom to atom quite differently
from x-ray scattering factors; they are not related to atomic number,
heavy hydrogen, for example, being by far the best scatterer of neutrons.
Thus it is extremely probable that neighbouring elements in the
periodic table have quite different scattering factors, and so the super-
lattice reflections from alloys such as FeNi; should be easily detec-
table.”®-82 In a similar way it may be possible to establish the positions
of the light atoms in interstitial structures by neutron diffraction.

Because of the difficulties, both theoretical and practical, in measur-
ing long-range order accurately by means of x-ray intensities, no
completely satisfactory work has yet been reported on the variation of
order with temperature or with heat treatment for a particular alloy.
WiLcHINSKY®® has attempted to measure the degree of order in AuCug
as a function of temperature, and reports very little change up to the
critical temperature when the long-range order parameter dropped
from 0-79 to zero. Because of the extinction difficulty, however, these
results may be only qualitatively correct. When symmetry changes are
also involved, as we have seen on p 28, the changes in position of a
given line can be used to follow changes in order. In the AuCu alloy,
for example, the line 311 from the disordered (cubic) structure should
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split into lines 311 and 113 when the transformation to the ordered
(tetragonal) structure takes place, and this change can be readily
observed. Borelius reports*® such an examination of the changes in the
AuCu alloy heated for different lengths of time at 290°C and 395°C.
He makes use of the changes of
) position of the line 311, but does
m‘i’jyk 495°C not mention the effect of the split-
ting of this reflection.

There are two possible ways in
which we can envisage the occur-
rence of the transformation: first,
the disordered structure may gra-
dually disappear, being replaced by

s ) the ordered structure; secondly, the
Order  Disopder Order  Oisorder axial ratio may change gradually

Figure 26. Microphotometer curves showng  from unity to the equilibrium value.

the changes in the powder photographs of .
AuCu with various times of annealing at The former effect would be evi-

290°C and 395°C denced by a gradual decrease of the

intensities of the cubic lines, and a

gradual increase of the intensities of the tetragonal lines, no changes

in position being observed; the latter would be evidenced by a gradual
shift of the cubic lines to their positions for the tetragonal structure.

Borelius has found that both effects occur: as shown in Figure 26, at
the lower temperature the change is a gradual one through inter-
mediate states from disorder to order; at the higher temperature the
change is discontinuous. Borelius claims that this proves the existence
at the higher temperature of a potential barrier between the ordered
and disordered states, this barrier disappearing at the lower tem-
perature.

The change in symmetry in the alloy AuCu requires that some
consideration be given to the overall changes in the structure. Although
the axial ratio changes by about one per cent, the bulk material itself
should not show corresponding variations, and this can only happen if
the changes balance over the whole of any one crystal. A more explicit
statement is as follows: in a tetragonal crystal one of the axes is different
from the other two, but this difference does not exist in the disordered
cubic alloy; therefore, if order begins at different points in a crystal, it
is to be expected that the particular axis that is to be the tetragonal
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axis is chosen by chance, and that over the whole crystal they will be
distributed at random over the three possible directions.

This is a matter of some importance. The transformation will pre-
sumably take place with as small atomic displacements as possible,
and, as shown in two dimensions in Figure 27, if the domains of similar
order are at all large the atomic displacements near the boundaries
must also be large. A great deal of strain must occur at the boundaries,
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Figure 27. Dastortion of lattice
due to occurrence of tetragonal Figure 28. Photometer curves of powder photo-
anti-phase domains. The arrows graph of quenched AuCu,, showing broad
show the direction of the shorter maxima indicatwe of short-range order

axis, although some of these
directions are rather doubiful

and it is possible that this strain can account for some of the remarkable
magnetic properties of alloys with this structure, to be reported in a
later section (p 43).

X-ray Diffraction, Short-range Order—The measurement of short-range
order, involving as it does the detection of diffuse lines which may also
not be very strong, has not attracted as many investigators as the
measurement of long-range order; fairly elaborate apparatus is required
if these lines are not to be lost by submergence in the background that
always exists on ordinary powder photographs.

BETTERIDGE®* has described some experimental work on AuCug in
which the degree of short-range order, calculated theoretically-by
PEIERLS,28]s related to changes in lattice parameter. A direct determina-
tion of the degree of short-range order would, however, be more desir-
able. GuINIER®® has tackled the problem by using a specially designed
camera with x-rays reflected from a crystal of quartz; the x-rays should
then contain only a single wavelength (or, more precisely, a narrow
band of wavelengths). With this apparatus ordinary materials give
almost zero scattering in between the x-ray reflections, and so any
extraordinary diffraction effects that may occur are more easily
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detected. Guinier has in this way been able to demonstrate the
existence of short-range order in the alloy AgAu, chosen because the
almost exact equality of the atomic diameters should result in the
absence of lattice distortion. Powder photographs show a well defined
peak at the position where the 100 reflection would occur.

The alloy AgAu does not, however, form a superlattice. Much more
interesting effects are shown by the alloy AuCug, in which the effects
of both long-range and short-range order exist, and this alloy has been
studied by Wilchinsky and also by Guinier. Both find, in an alloy
quenched from above the critical temperature, maxima in the diffracted
intensity at the positions of the reflections 100 and 110, as shown in
Figure 28, which is a representation of Guinier’s results.

Investigations such as these can be followed up by observing changes
of the diffraction pattern when the specimen is annealed below the
critical temperature. It was seen on p 27 how the existence of short-
range order leads to broadening of the superlattice lines, and that this
broadening can be related to the size of the domains over which the
order is perfect. Thus, as the alloy is annealed, the lines gradually
become sharper until they are as sharp as the main lattice lines. This
effect is beautifully illustrated by the set of photographs,®® due to Jones
and Sykes, shown in Figure 29. These workers attempted to relate the
breadths to the sizes of the domains by the use of the relation for small
crystals, but different results were obtained from different reflections;
in particular 100 gave almost twice the size that was given by 110.
It appeared, then, that this simple theory was not adequate to account
for the observed effects. WiLsoN, 8% 87 acting on certain suggestions of
Jones and Sykes, tried to treat the problem on more general optical
considerations, and showed that extremely good agreement (within
10 per cent, which is perhaps as much as can be expected for this type
of work) can be obtained on the assumption that where one type of
domain changes to another the change is favoured if it does not bring
gold atoms into contact.

This result suggests another, and extremely powerful, method of
tackling the problem experimentally. Wilson’s theoretical treatment
is based upon the single crystal, and has to be modified for adaptation
to the interpretation of powder photographs. It would therefore seem
more satisfactory to obtain the data from a single crystal and to test
these data against theory. Part of the mathematical treatment is thus
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Figure 29. Powder photo-
graphs of AuCuy alloy in
different stages of trans-
formation, showing increased
broadening of the superlat-
tice lines as the anti-phase
domains decrease in size
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Figure g0. Rotation photograph of AuCu, single crystal, showing broadened sufer—
lattice spots. (The main spols are very much overexposed and this has emphasized the
streaks duc lo the white radiation and those duc 1o the disoviented part of the alloy)
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dispensed with and, what is more important, much more detail should
be given in that the diffraction pattern can be explored in three dimen-
sions rather than the one dimension of a powder photograph.

Several investigators have taken up the problem. Stryx and
MAcGILLAVRY®® used a crystal that was elongated parallel to the (110)
direction, and examined only the x-ray reflections in the plane per-
pendicular to this; consequently they did not gain the maximum
information possible. GuINIER and GrirrouL®?-?1 and EpmunDs, HINDE
and Lipson?? have used smaller crystals and have made the necessary
three dimensional survey. Their results agree qualitatively well with
WiLsoN’s theory,® but no quantitative results have yet been reported.
CowLEY?* has used a crystal above the critical temperature and has
examined the diffraction pattern due to short-range order and again
the results of this investigation are awaited with interest.

Another advantage results from the use of single crystals: the super-
lattice reflections are much more clearly seen than when they are
spread out into arcs on a powder photograph. Thus the order-disorder
change can be followed down to quite small size of domains, probably
as far as the powder method can cope with when crystal reflected
radiation is used. The single-crystal rotation photograph shown in
Figure 30 gives an idea of the detail that can be seen.

By observing the changes in the shapes and sizes of the superlattice
reflections as the alloy is subjected to different heat treatments it should
be possible to gain information about the mechanism of ordering.
Particularly interesting facts may emerge from the comparison of these
results with those of Warren obtained from crystals above the critical
temperature.

The single-crystal diffraction pattern contains all the evidence con-
cerning the structural details and hence it should be possible to deter-
mine the degrees of long-range and short-range order. The difficulties
in the former determination have already been stated (p 25), but for
short-range order the difficulties are theoretical rather than practical.
A treatment has been described by MAcGILLAVRY and STRyJk;?S it is
based on the PATTERsON®® treatment of the more usual x-ray diffraction
patterns and is too complicated to describe here.

Thermal Measurements—Sykes and Jones have used thermal methods
extensively in a study of the alloys AuCuy and CuZn. Figure 3r shows
the results of measurement of the specific heat of AuCuz by means of
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the apparatus described on p 29, the alloy having been cooled from
450°C at 30°C per hour to put it into a state of maximum order. Up

to 200°C the specific heat is

5 o 1 equal to that calculated by
‘23 -é"gful/gmfg means of the Dulong-Petit law,
M‘f that is, the specific heat is
EM' 1 equal to the weighted mean
'liz':’ Vi of the specific heats of the sepa-
& M:L W || rate elements; for comparison,
0 o5 4 5] the curve for this normal spe-
001 I cific heat is also shown in
w2 aw @wswc Figure 31. It may thus be pre-
Temperature sumed that below 200°C no

Figure 31. Specific heat of AuCuy as a function
of temperature, afier the spectmen had been cooled

at 30°C per hour

transformation is taking place.
Above this temperature, how-
ever, the specific heat shows

an abnormal increase, reaching a maximum value of 2 cal/gm/°C,
twice that of water. This value is so large that it may be assumed

that, if the experiment had been
conducted infinitely slowly, the
specific heat would have been in-
finite—that is, that there would
have been a latent heat, as re-
quired by theory (p 16). Above
the critical temperature the spe-
cific heat drops abruptly, but
not quite to the Dulong-Petit
value, and this can be explained
by the persistence of a certain de-
gree of short-range order, which
disappears only slowly as the tem-
perature is increased. For the
copper-zinc alloy (B-brass) a simi-
lar curve of specific heat was de-
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Figure 32 Energy consumed in transforming
aseries of Cu~Zn alloys from 240°C to 500°C

rived, except that the maximum value was only 0-25 cal/gm/°C, and
this therefore does not indicate any latent heat, which again is in

accordance with theory.

The work of Sykes and WILKINSON®? on CuZn may be quoted as an
40
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example of the derivation of total heats of transformation. The results
of their investigation of the total heat of transformation as a function

of composition are shown in
Figure 32. It will be noted
that the total heat of trans-
formation, in this case be-
tween the temperatures of
240°C and 500°C, increases
as the ideal composition is
approached, as would be ex-
pected since at the ideal com-
position, CuZn, all the atoms
must be exactly ordered,
whereas at any other com-
position some of the atoms
must be in the wrong places.
As so often happens in alloy
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Figure 33. The energy of transformation of AuCusg
as a function of temperature: 1 experimental results 2
prediction of the Bragg-Williams theory 3 prediction

of Pewerl’s theory

phase diagrams, the ideal composition is not included in the range of
homogeneity of the phase,® and therefore the data for this composi-
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Figure 34. Electrical resistunty of Au—-Cu alloys
1 rapudly cooled 2 annealed at 200°C

tion have to be inferred by
extrapolation, as shown in
Figure 32. The observed range
of variation between the ex-
tremes of the g-phase field is
in good agreement with the
calculations of EASTHOPE.®?
While these results show
qualitative agreement with
theory which is surprisingly
good in view of the simple
underlying assumptions, the
agreement is by no means
exact. This is shown in
Figure 33, where the experi-

mental results are compared with the predictions of the theories of
BeTHE?? and of BraGG and WIiLLIAMS,19-31 By a slight modification
of Bethe’s theory Chang has deduced®! a curve in rather better agree-
ment with experiment than either of those shown in Figure 33.
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Resistance Measurements—Since electrical resistivity depends greatly
upon degree of order, measurements of this property are particularly
suitable for showing the presence of order in alloy systems. This is
shown very well by the work of JorANNsoN and LiNpE1%° on copper-gold

alloys: their measurements of

E %0 the resistivity of annealed and
£ quenched alloys are shown in
] I I R - Figure 34 as functions of com-
I <] ZC position, and the curves show,
% 7’ as clearly as any physical
[3 L
B 1 T measurements could be ex-
e / L/ pected to show, that there are
B AL singularities at the composi-
o8 7:;?‘ [ — 4 tions AuCu; and AuCu; they
= also indicate that there is no
- A ] . . .
oot / singularity at the composition
rd Au,Cu.
%, 700 200 W °C A detailed examination®5 of
Temperature

the resistivity of the alloy
Figure 35. Electrwcal resistunty of AuCu, as a

Sfunction of temperature for dyfferent sizes of anti- AuCug has been carried out by
phase domans Jones and Sykes. By quench-

ing the alloy in different states
of order they were able to measure the resistivity as a function of
temperature for different degrees of short-range order; their results,
however, shown in Figure 35, are expressed in terms of domain size, e,
derived from the breadths of the corresponding x-ray diffraction lines.
Expressed in this form, the results show that the resistivity is linearly
related to the inverse of ¢; this can be interpreted by assuming that the
resistance is proportional to the area of domain boundaries per unit
volume, these boundaries acting as partial ‘reflectors’ of the conduction
electrons. From the variation of lattice parameter with ¢, Jones and
Sykes also deduce that the boundaries are about one unit cell thick.
Nevertheless it is possible, as will be shown later, that the idea of
domains and boundaries is too precise to form an accurate picture of
the structure, and they will have to be replaced ultimately by rather
more vague conceptions of probability.
Magnetic Measurements—Magnetic measurements,101-108 whether
of diamagnetic or paramagnetic susceptibility, or of coercivity in
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ferromagnetic alloys, fall into a different class from the phenomena so
far described. The information they give does not clarify the ordering
process itself, but tends rather to help in the elucidation of the nature
of the magnetic properties themselves.

As an example, the study of the alloy FePt1%® may be quoted. This
alloy is ferromagnetic, and with certain heat treatments can have a
coercivity of about 1,500 oersted. This extremely high value suggested
that a study of'its structure, and its correlation with coercivity, would be
worth while. The structure was found to be similar to that of AuCu,
and no change was found with heat treatment; yet from this structure
a reasonable explanation of the high coercivity could be adduced.

This explanation is as follows. It is presumed that at high tempera-
tures the alloy is face-centred cubic, although this cannot be proved by
quenching; the evidence lies in the fact that a coarse-grained specimen
shows groupings of x-ray reflections such as 200 and 002 which can
only be explained if the tetragonal crystals had developed from single
cubic crystals. If this is so, there should be considerable strain at the
junctions of these tetragonal crystals, as shown for two dimensions in
Figure 27, and if the alloy is quenched rapidly from the cubic state it
is possible that these strains do not have time to release themselves.
Certain theories of ferromagnetism suggest that such strains are the
principal requirement for high coercivity.

This theory agrees well with the experimental facts. Rapid cooling
from high temperatures leads to the greatest values of the coercivity;
annealing, which presumably would relieve the strains, leads to much
lower values. The alloy'9® CoPt, which has the same structure, has
been shown to be capable of still higher values of coercivity, and,
moreover, its high-temperature cubic structure can be preserved by
quenching. Unfortunately it has not been studied in anything like as
much detail as the alloy FePt; the apparatus required for measuring
such high coercivities has to be specially designed and requires supplies
that are not generally available.

Mechanical Properties—The process of ordering does not, in itself, seem
to affect the gross mechanical properties of an alloy. Thus, the alloy
AuCuy remains ductile during the transformation from disorder to
order. But if the transformation is accompanied by a change in
symmetry, as in the alloy AuCu, the ductility may be greatly affected,
presumably for reasons very similar to those that produce the high
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magnetic coercivity mentioned previously; indeed, the connection
between mechanical and magnetic hardness is extremely close.

This is best illustrated by the work of Nowack!®® on the Brinell
hardness of the alloy CuPt as a function of time of annealing at 500°C

after quenching from the dis-
] ordered state. It will be seen
a from Figure 36 that the hard-

ness increases rapidly to a
maximum and then decreases
very slowly indeed. The ini-
tial rise is probably caused
0 by the strains resulting from
the small region of local
order, the gradual reduction

0 X & w0 @ W M 20 M Iater being an effect of the
Time of anneal min g

Figure 36. Age hardening curve for the alloy CuPt. u.lcrease in size of these re-
The alloy was rapudly cooled before annealing gions. Unfortunately a grea-

ter range of time was not
studied. The decrease shown in Figure 36 is barely greater than the
experimental error, and the decrease would have been more convin-
cing if more results had been obtained and if the time had been plotted
logarithmically.

The opposite effect, that of mechanical deformation on ordering, has
also been studied, and, as might have been expected, it is found that
such deformation reduces the degree of order and may even eliminate
order completely.19? Since mechanical deformation must necessarily
involve forces that are of the same order of magnitude as interatomic
forces, it is not surprising that the ordering forces, which are usually
much smaller, have to give way to them.

lemperalture of anneal 500°C

FUTURE LINES OF INVESTIGATION

Theory—It has been seen that, in general outline, the theory of the order-
disorder transformation is reasonably complete, and, as compared with
the theory of any other sort of transformation in the solid state, may
almost be said to be perfectly satisfactory. It explains the general
outlines of the process and gives reasonable agreement for the total
heat of transformation. The more intimate details, such as the variation
of specific heat with temperature, are not in such a satisfactory state,
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and further theoretical treatment is still required. Such treatment will
almost certainly be a refinement of one or other of the existing theories,
and it is therefore unlikely that any revolutionary development will
be forthcoming.

Kinetics of the Transformation—The theoreticians have so far chiefly
aimed at accounting for the results found by experiment, and little
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Figwre 37. Random sohid solution of
25% of B atoms in A. The arrows show
directions in which B could interchange
with A atoms in order to avord being
next to other B atoms It s assumed
that each atom can interchange equally
easily with each of the exght surrounding 1t

Figure 38. Structure resulting from ‘the
changes shown wn Figure 37. Two anti-
phase domains are shown, although the
interchanges were not made n order to
bring them wnto being. The arrows show
wnterchanges that would further decrease
the number of pairs of B atoms n contact

and st wnll be observed that these inter-
changes result in increases of both ants-
phase domains, as shown by the dotted lines

consideration seems to have been given to the problem of how the
ordering takes place. It may be safely assumed that it is essentially a
process of interchange of atoms on the various sites, but there are at
least two ways in which this process can be imagined to produce a
completely ordered structure.

It is more usual to assume that, when a disordered alloy is maintained
rather below the critical temperature, ordering starts at specific points,
and spreads outwards from these; each nucleus will thus produce a
domain of similar order, and the sizes of these domains will depend
upon the average distance of separation of the nuclei. In this way the
structure described on p 9 is produced. Alternatively, however, we
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may consider that the ordering process is completely local, starting at
all points simultaneously.

It might seem that the first suggestion leads more naturally to the
phenomenon of local order, but this is not necessarily true. In Figure 37
a two dimensional disordered structure of composition A;B is shown,
and it will be noted that it contains many places where B atoms are in
contact. Suppose now that the B atoms tend to avoid each other;
often they cannot separate without adopting new positions where they
are still in contact with the same number of B atoms, but on the whole
some easement can be produced by means of the interchanges shown
by the arrows. The resultant structure is shown in Figure 38 and it will
be seen that this does contain regions of similar order, although this
concept of regions was not deliberately introduced.

This second suggestion has the advantage over the first that it allows
a more natural explanation of the change from short-range to long-
range order. On the nucleus theory, it is difficult to see how the
domains increase with time of annealing, though it may be that the
smaller domains are absorbed by the larger, and so an increase of the
average size must always occur; but it is still difficult to see how this
absorption can take place. The second suggestion however solves this
problem naturally: the domains result from the avoidance of similar
atoms, and as the most awkward knots of similar atoms resolve them-
selves by interchange, so should the domains increase in size.

It is possible that the single-crystal studies of AuCug, both above and
below the critical temperature, will further elucidate these ideas. The
shapes of the superlattice reflections, and the variations of these shapes
with heat treatment, should give considerable information, but such
experimental study will have to be accompanied by a thorough
theoretical investigation of the diffraction effects to be expected in the
various stages of ordering.

It is also to be hoped that alloys other than AuCuj will be found
which can be studied in as much detail. This alloy is so versatile that
it has attracted perhaps an unfair amount of attention, and some of the
general principles deduced from its behaviour would be more firmly
established if they could be supported by evidence from other alloys.

Nature of the Ordering Force—As explained previously, it is accepted
that ordering can reduce the internal energy of an alloy, yet little
thought has been given to the problem of the nature of the interatomic
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forces that cause this ordering to take place. Nix and Shockley, in
discussing this problem, state that ‘we expect that accurate theories will
be founded on the quantum-mechanical electronic theory of metals’.

This may well be so; indeed, if this theory is accepted as valid, and
there are as yet no experimental data that cause us to doubt it, it must be
so. Nevertheless, mathematical difficulties have prevented any general
application of the theory to the problem of the order-disorder change,
and it is natural that simpler concepts should also be considered.
Simple concepts may not be precise, but science has grown by the
grafting of complicated theories on to simple concepts, and it may well
be that the same process will be useful here.

The lattice-strain theory of HuME-ROTHERY and PoweLL198 is based
on this idea. It was pointed out on p 2 that the alloying of two
elements must introduce strains in the lattice (Figure 2) and that these
strains disappear when order is complete: Hume-Rothery and Powell
suggest that the tendency to eliminate these strains provides the force
that causes ordering. In other words, atoms that are too large are
squeezed out of the wrong positions, and the structure will settle down
only when all the atoms are in the correct positions, provided that the
atoms have enough thermal energy to make the transitions possible.

This theory may seem inadequate, but as will be seen later it can
account for almost all the experimental facts, including some that were
not known when the theory was propounded. Before considering these
facts, however, another general theory must be examined which has
had considerable success in the explanation of the structures that occur
in metals and alloys—the Brillouin zone theory (RAynoRr®?).

This theory is applicable, of course, only to that part of the internal
energy possessed by the free electrons in alloys, but its successes in
accounting for structures and phase boundaries leads to the supposition
that the energies of these electrons must form a considerable part of
the total internal energy of an alloy. The theory is concerned with the
interactions of the free electrons (which are envisaged as travelling
waves) with the lattice of the crystal, and the results are expressed in
terms of the effects of these interactions on the energies of the electrons.
If the momenta of the electrons are plotted in a Cartesian coordinate
system, then polyhedra, Brillouin zones, are outlined such that the
energies of electrons whose momenta lie just within the surfaces are
depressed below the classically expected values, and the energies of
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those just outside are increased. The sequence of structures in many
alloy systems is such as to keep as many electrons as possible within a
zone, and to prevent their spilling over into the next zone.

The surfaces of the zones correspond with reflecting planes: these
planes diffract the electron waves in the same way as they diffract

Figure 39. Furst Brillowin Figure 40. Fust Brillousn zZone
zone of the face-centred cubic of the body-centred cubic structure
Sstructure
N

"\

/
|

I

Figure 41. Formaton of Figure 42. Formation of {100}
{100} Brillousn zone (thick Brillousn zone (thick lines) wnth-
lnes) and {110} Brilloun in the {110} Brillown zone
zone (medium lines) unthin (Figure 40) for FeAl
the {111} Brillown zone

(Figure 39) for AuCu,

x-rays. Thus for the face-centred cubic structure (Figure 39) the first
Brillouin zone has faces {111} and {200} and for the body-centred cubic
structure (Figure 40) it has faces {110}; these faces correspond to the
lowest angle reflections from these structures (7able r). But when
ordering occurs, other Brillouin zones come into existence; for the
AuCu, superlattice, the {100} faces and the {110} faces also come into
being within what was the first Brillouin zone (Figure 41), and for the
FeAl superlattice the {100} faces form a new Brillouin zone (Figure 42).
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These zones must necessarily be of minor importance, since the
diffraction of the electrons by the corresponding planes is much weaker
than that by the planes which produce the main Brillouin zones. But
then the ordering forces are expected to be much weaker than the
forces which hold the crystal together. Thus the smallness of the effect
cannot be held as evidence that it is of no importance.

Some brief calculations show that the superlattice Brillouin zones,
as they may be called, are of about the right order of magnitude to
produce some effect on the conduction electrons. The sizes must be
such that the surface is close to the points representing the most
energetic electrons; if these electrons are too far removed, their energies
are not affected, and, if the electrons overlap into the next zone, the
resultant increase of energy cancels out the earlier decrease. Now for
the AuCug structure, the superlattice Brillouin zone contains one
electron per atom which is just the electron content of the alloy, since
both gold and copper are monovalent. And for the FezAl structure,
the first superlattice Brillouin zone contains 0-5 electron per atom,
which, it must be admitted, is rather less than the actual electron
content of the alloy, 0-75 clectron per atom; more important, perhaps,
is the fact that the electron content of the alloy for which the super-
lattice is first noted (Figure 24) is almost exactly 0-5 electron per atom.
When the electron content exceeds this value the electrons can overlap
into the next zone, formed by the {100} faces only, and this contains
1-0 electron per atom. This zone would be the effective one for the
rest of the alloys in this series up to FeAl.

It will be noted that the Brillouin-zone theory does not explain the
observed facts for the AuCug alloy and for the alloys of iron and alumi-
nium as neatly as might have been hoped, and there are several reasons
for thinking that it does not play a large part in explaining superlattice
formation. For example, the complete filling of a Brillouin zone should
lead to an increase of resistance, whereas we have seen that the forma-
tion of the superlattice in the alloy AuCug is accompanied by a con-
siderable fall in resistance (Figures 34 and 35). Again, one would not
expect superlattice formation in alloys in which no superlattice Brillouin
zone were formed, but it was seen that the alloy CuZn has a definite
superlattice; the scattering factors of these two atoms are so nearly
equal that the superlattice reflections are normally impossible to detect.
Furthermore, from symmetry, one would expect a superlattice in the
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gold-copper system at the composition AugCu, since the Brillouin zone
boundaries should be just as pronounced at this composition as at the
composition AuCug. As Figure 34 shows, there is no indication of a
superlattice at the composition AuzCu.

The lattice-strain theory can account for the CuZn structure because
the sizes of the atoms differ by about 10 per cent, and also for the
superlattice at the composition AuCuy and for the absence of the
superlattice at the composition AugCu if the further assumption is
made that the only strain of importance is that produced when larger
atoms are accommodated among smaller ones. The presence of a
smaller atom among larger ones must be assumed not to lead to a
tendency to order, and thus the presence of 25 per cent of copper atoms
distributed at random among the larger gold atoms is accounted for.

Finally, the recent work on AuCus,, leading to the conclusion that
the main process in superlattice formation in this alloy consists of the
tendency of gold atoms to avoid cach other, strongly supports the
theory.

The lattice strain theory thus adequately accounts for many of the
observed data. Its weakness is due to its purely qualitative aspect, and
therefore that it cannot provide any quantitative results by which it
may be tested. There is thus scope for a quantitative theory of the
forces that produce order in alloys, and such a theory would have to
account for the observed differences in internal energy when ordering
takes place. Thus it is probable, as Nix and Shockley state, that
advances in the quantum-mechanical electronic theory of metals will
have to be awaited before the experimental observations can be
completely accounted for.

The author wishes to thank Dr F. W. Jones, who read the first draft of this
chapter and made many suggestions, most of which have been incorporated.
Mr H. Steeple and Mr R. M. Hinde have also given much help in the pro-
duction of most of the X-ray photographs, some of the specimens being kindly
provided by Dr A. Taylor.
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