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Abstract

The measurement of long range order by X-ray methods
is desceribed. The fundamental and superlattice reflections
of a CdMg alloy are determined both experimentally and theo-
retically. The ordering transformetion of the alloy is stu-
died. It is observed that ordering takes place even at room
temperature. Ordering at 70°C is investigeted. The order of
reaction at this temperature was found to be 3 and the rate

constant was determined within the order of 1 minfl.
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INTRODUCTION

Chemical and physical evidences indicate that the atoms
constituting an alloy arrange themselves in regular patterns
just in the same way that sodium and chlorine lons arrange them-
selves in a erystal lattice. One of these evidences for the ex-
istence of order in an alloy is the appearance of the superstruc-
ture lines on an X-ray photographic film. To explain this, con-
sider a two dimensional lattice occupied by two types, A and B,
of atoms. As shown in Fig. 1, there are sites that are occupied
by A atoms and others by B atoms. These are called the A sites
and the B sites respectively. An A atom on an A site is described
as a right atom. On the other hand, an A atom on a B site is
said to be a wrong atom. A similar nomenclature aspplies to the
B atoms. All throughout our subsequent discussion it will be ass-
umed that the atomic scattering factors of the two types of atoms
are different. Now examine what might happen if an X-ray beam is
incident on the seattering centers at such an angle that the path
length difference between the two reflected rays is half a wave
length difference. Two limiting cases will merit special attten-
tion.

1. The Perfectly Ordered Alloy.
By this is meant that all the A atoms are on A sites

and all the B atoms are on B sites. Under such a circumstance,
the two layers of atoms will scatter the radiation to varying
amounts; and, in comnsequence, partial interference will result.
Hence, an X-ray reflection will appear on the photograph.

11. The Completely Disordered .

On the other hand, suppose that the alloy is comple-
tely disordered. Under such conditions, the average scattering
factors of the two sites are equal. Accordingly, the two layers
will scatter the radiation equally well, This necessitates that
there will be complete destructive interference. From these con-
sideration, it is seen that when there is complete disorder, cer
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tain reflections called superstructure reflections will dis-
appear from the photographic film. However, if the crystal
possesses perfect order these reflections will have maximum
intensity; for intermediate states of order, there will be a
gradation of intensity until at a particular temperature, de-
fined as the eritical temperature, the intensity of the super-
lattice line will be reduced to zero.

X-ray beam

A sites

B sites

A sites
Fig.l. - The perfectly ordered
crystal

To describe the state of order in a erystal, designate
the fraction of A atoms and of B atoms constituting an alloy by
EA and FB respectively. Since in our discussion, we shall ass-
ume that the atoms can be present only on the sites (and not in
the interstices) it directly follows that the fractions of A and
B sites are similarly represented by FA and E' respectively. In
addition, let T, be the fraction of A sites rightly populated
by A atoms and Wy the fraection of A sites wrongly populated by
B atoms. Then clearly,

1 1

n

I‘A-I-WA

A corresponding relation holds for the B sites.

I‘B-I-WB:l 2

It is to be noticed that if by one means or another some of the
A atoms migrate to the B sites, they will drive out an equal num-
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ber of B atoms that will in their turn occupy the A sites.
Hence, the number of wrongly occupied A sites is equal to the
number of wrongly occupied B sites. If we represent the total
number of atoms (also the total number of sites) by N, then
one can write the above statement as,

(NFA)WA = (NFb)wB
or, FkFA 2 ?éwB 3

Let us apply this result to the case of an AB3 alloy. Here,
we have F, = § and Fy = 2 . The substitution of these values
in the above expression will yield

w A = EWB 4
And with the aid of Egs. 1 and 2, one can get

Notice carefully that for the perfectly ordered alloy
we have,

for the A sites: Ty N LY = 0
for the B sites: Tp = 1, Wy = 0

But how can we deseribe the completely disordered state? Un-
der these conditions, any type of atom does not have a prefer-
to remain on gny particular site. The probability of finding
an A (or B) atom on an A or B site is the same and is equal to
its atomie fraction. That is,

for A atoms: rA = wB = FA
for B atoms: BB = wA = EB

Bragg and Williams defined the long range order parame-
ter S in a such manner that it will teke a value of unity for
perfect order, zero for complete disorder, and intermediate
values for various degrees of order. In the light of what has
been stated, the parameter S can subsequently be written down
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in various equivalent forms: ‘
r, -F r, ~F w W
B "B A 1 -
s: = 21- - 6
R s A
For an AB3 alloy, such as CdMg5 or Au0u5, we have
1
S:-D;'(ll-rA-—l) Or S:lI-I'B-B

and in terms of rA and Tpe S could be written in the convenient
form that we shall use in later éalculations,

The Kinetics of Order Disorder Transformations
The formation of an ordered structure in an alloy is

assoclated with the tendency of atoms to be surrounded by near-
est unlike neighbors. This could be accounted for by the fact
that such a configuration possesses minimum energy. TPo begin
with, let us assume that we have a perfectly ordered, two-di-
mentional crystal (Fig.2.). Suppose now that the temperature
of the crystal is increased. Kinetiec theory tells #s that the
atoms will start vibrating more vigorously about their equi-
librium positions. Furthermore, if the temperature is increased
still more, the atoms may acquire enough energy of vibration to
break away from their right sites and interchange places with
the unlike neighboring atoms. Suech a process will introduce
disorder into the crystal. The natural question to ask now is:
On what the rate of disorder depends? To answer the question,
refer to Fig.2. First, let us assume that process No.l and
No.2 will oceur. After each interchange, atom A is surrounded
by three like nearest neighbors. Such an interchange requires
a certain amount of energy. Next, let process No.3 follow. It
is clear that atom A is now surrounded by two like nearest neigh-
bors. And the energy requisite for an interchange is less than
that of either process No.l or process No.2. Hence, at higher
temperatures there is not only greater degree of disorder but
8lBO BYeabter « ¢« s & 3 o b 5
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ease of disorder. ©Sudia process could be conveniently described
by the following expression,

a _ 8
@ - @)

where D = 1-8 1is the disorder existing in the erystal and f£(D)
is a function of D which is to be determined experimentally.

N ED
11

O

) OO
o Ses |

Fige.2., - Disorder in a erystal.

Several investigators searched for the dependence of the time
rate of disorder on the disorder. Among these, G.J. Diens (1)
showed that for the AuCu alloy, the following equation is sa-
tisfied,

£ = x-s)" 2

where n is determined to be 3 and K, the rate constant, is found

to be dependent on the obsolute temperature according tos

14300
K = 4.46 x 10-° s "%“ 10
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It will be worthwhile to test the above relations to other types
of alloys.

The X Ray Method For the Measurement of S.
In the following discussion we will show how to determine

the long range order parameter by the use of the X-ray techniques,
Standard textbooks (2) on X-rays give the integrated intensity per
unit length of diffraction line for a powdered sample by,

I.E. = C m(L.P.)F% A(®) T(O) 11
where:
C is a constant for all reflections and which depends, among other
things, on the wavelength.
M is the number of planes that contribute to the same refleetion.
It is known as the multiplicity factor.
L.Ps is the Torentz and polarization factor =

2
Ahi;é?ﬂl—-gg for the Debye Sherrer method

g8in“e coso

A(@) is the absorption factor
T(e) is the temperature factor
F is the structure factor of the erystal which
is given by the following general equation
B E, 2Mith = + ky + 1z)
Fhkl = Xy o2 2;1 fne 12

where h,k,1 are the miller indices specifying the scattering
planes; x,y,z denotes the position coordinates of the atoms;

and finally fn is the atomic scattering factors of the atoms cons-
tituting the erystal. If the erystal possesses a center of symm-
etry such that for each atom at (x,y,z,) there is a corresponding
atom at (-x, -y, =-2z), then the sine terms will vanish, If this

is the case, the structure factor is simplified to,

Fory = Zan cos 27| (h x +ky + 1lz) 13

Let us calculate the structure factor for OdMgB. The coordinates
of the atoms of this alloy (3) are given by
)

2 Cd atoms at: I( % ’ %' T Let these be referred

to as the A sites
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6Mg atoms at:  +(2X, X, ¥), (X, X, §) and®(X, 2X,}) with
%o
=%

Let these be the sites.
Since such a type of crystal possesses a symmetry center, then
Eq.l3 is applicable. Represent the atomic scattering factors
of the Cd and Mg atoms by fL and fB respectively. The scatter-
ing factor of the erystal when it is in any ordered (or disor-
dered) state is

F = Scattering factor of A atoms on rightly
occupied A& sites + scattering factor of A atoms on wrongly occu-
pied B sites + scattering factor of B atoms on rightly occupied
B sites + scattering factor of B atoms on wrongly occupied A
sites. In terms of our symbolism,

Fm=2fArLcosaﬂ(-]-1—%—a5+%f)

+2f g EOS 2T ¢ '&‘é’-x + T]£ ) + cos 211(-'-1%5 + 211')
scos2T (FHEZE 4 | +2eyry E‘osa'n Bk . B

1 =h
NIty A

with the aid of Egqs. 1 and 2, this can be Tearranged in the form.
Py = 2 LffrA - fB(l-r4§:lc032ﬂ(h* * %)
v E(I-rA) - fBrB] E;sa“e?igﬁ + %)

+f:.¢:u@i|2T\(iEg + 2{-‘) + coaaﬂ(ﬂ%& + %) 14
-q.

An inspection of this equation reveals that F = 0 if h+2k
(or h=k) = 3n and 1 is odd. As a result, there will be no
reflections from planes with such miller indices. For example,
the 001, 111, 003, 221, etc. reflections will not be present.
As an application of the above formula, let us calculate F

Substituting these values of (h,k,1l) in the above, one ob-
tains,

001.

FJ.OO e (rA-l-rB—l) (fB- A)
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But from Eq. 7, S = rA+rB-l . Hence,

Fio0 = 8 (f5-fy)
Clearly, such a line depends on the order existing in the crystal,
through the 8 term and will vanish as S approaches zero. On the
other hand, & similar calculation for the 200 line will give

Fo00 u (£4+3%g

The integrated intensity of such a line does not depend in any
manner on the order existing in the crystal. Iines similar to
this are called fundamental lines (F lines). The values of the
structure factors for other reflections are included in Table 1.

The structure of GdM'g3 is closed packed hexagonal (cep.he.)
with the following fimensions for the unit cell(4): a = b = 6,26,
¢ = 5,07 and hence a/c = le24. The interplanar spacing d between
hkl planes in a c.p.h. crystal is

a

d = - 0
V ﬁ;— (h%4hk+k2) + (%1)2

The Bragg rule states that 24 sin @ = n)\ and hence for reflec-
tions of the first order, '

gin @ = -éa—o\J %(h2+hk+k2) + (B1)2

Substituting the values of a, b, ¢, and (Cu radiation of wave-
length 1.54 angstroms is used) one gets,

sin @ = E'%V %(h2+hk+k2) + (L.241)% 15

By allowing the miller indices to assume their permissible values,
the corresponding amgles are calculated. (Refer to Table Xs)

Applying Eq. 11 to an F end an S line and solving for S2,
one gets,

g [n.»
8% = %ﬁg [m(L.P) A(@) T(Q) }a
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Now, the area under the peak of an intensity trace is propor-
tional to the integrated intensitys

(I.BE.)ss _ Ags
(I.E.)F  Ag
Table 1
Indices Calculated Structure Multiplieity
angles factor
)
100 810" S(fB'fA) 2
0
011 12° o' ES(fB- ) &
)
110 | 14~ 16" ES(fB- A) 6
(8]
200 16~ 30! £, + 2% 6
0
002 177401 2(fA+5fB) 2
201 18° 48’ \3(2,+32;) 12

Furthermore, we shall make the assumption that the temperature
and absorption factors are the same for two near reflections.
The reasonableness of such an assumption will be tested expe-
rimentally later on. In view of these considerations, the
final expression for Sapis reduced to

Sa=Ass[m PP | F

16
F o |m(L.P.) _]s.a.

Inte Calibration Curve For Kodak Industrial Fi
Type KK. .

Our first problem is to search for a relationship bet-
ween the density of blackening on a photographic film and the
exposure E defined by :

E =1I% X7

where I is the beam intensity and t is the exposure time. In
our case, t is the same for all reflections, Consequently, the den-
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sity is varying because of a change of the intensity, However,

an examination reveals that a change of I keeping t constant
amounts to the same thing as a variation of t keeping I constant.
Accordingly, the problem is reduced to the finding of a relation-
ship between density and exposure time. To accomplish such a re-
sult, the experimental arrangement is shown schematically in Fig.3.
An aluminum absorber A of absorption coefficient 1265 mg/cm2 is
utilized to cut down the intensity of the X-rays. Such a proce-
dure will enable one to obtain exposures of appreciasble length.

- In front of the absorber is suspended a copper shutter of thick-
ness 6mm that can be operated manually. To obtain uniform intensi-
ty, the film wrapped in black paper, is supported behind an alumi-
num absorber at a distance of 27cm from the X-ray window.

“'~

»X-ray
window

Fig.3. = Experimental set-up.

Unresolved Cu K radiation passing through nickel filters falls
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on a rectangular slit, whose shape is similar to the profile of
the reflections on the film. In order to keep the voltage as
constant as possible a Sola Constant Voltege Transformer is emp-
loyed. The values of the exposures and the corresponding densi-

Table 2
Exposure Density Exposure Density
minutes minutes
. «75 11 500 70
1.0 16 6+05 90
1.50 22 7.00 100
2.00 30 9.10 129
3,00 46 11.00 158
4,00 58 13.00 184

ties (above background) ap 31lkv and 31lma are ligted in Table 2.
These values are plotted in Fig. 4 which shows that there is a
linear relationship between density and exposure (5). Such a
result is convenient since the ratio of the integrated intensi-
ties of twe lines will then be equal to their integrated densi-
ties. That is,
t§Q;Dd:x ‘J‘KEﬁx urde
hkl hkl
i Dax Jr KEdx I Edx
h'k'l? h'k'1l? hik'lt

Stu on Cu,Au lo

A sample of Cuahu in the form of a wire is brought to
2 high degree of order by the following heat-treatment: 46hrs.
at 346°c, 87hrs. at 332°c, 70hrs. at 324°C, and 70nrs. at 300°C.
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Then the sample was cooled slowly in 11 hours. The S lines
appeared but were very faint. This could be accounted for by
the fact that a great deal of absorption of the Cu radiation
has taken place in the sample. As a result, long exposure

times are required or else a more intense radiation, such as
from a molybdenum source should be employed. However, the first
alternative will introduce complications because the density of
the F lines will then be greater than 2, in which case we cannoét
have a microdensitometer trace of them. Such a situation forced
us to abandon work on the Cu31n alloy and to choose the degs
alloy as the next sample for our investigations. This was promp-
ted by the fact that little work was done on such an alloy.

Study on Odllg_3 Alloy

A powdered sample of CdM‘g3 is centered in a Debye~-Sherrer
camera of internal diameter 114.83mm. Such a choice of diameter
ensures that 2mm measured on the film will be equivalent to
l°Bragg, allowance being made for average film shrinkage., Dis-
tances on the film are measured to withing .005mm by determining
the separation of the reflection peaks with the aid of a micro-
photometer furnished with a vernier scale. The following angles
are calculated for the first six reflections: 8016', 12°81,
14%231, 16371, 17%2t, 18%48', To find out which reflections
are of the F or S type, a sample of CdMg5 is heated to above its
critical temperature, 168°¢, (6) and subsequently quenched in wa-
ter at 0°C. It is observed that the first three reflections on
the film disappeared indicating their S nature. On the other
hand, the next three reflections persisted showing that they
are F reflections. Such a result is consistent with information
obtained from the structure factors. (Refer to Table 3).

It is our purpose now to obtain the numerical values of
the structure factors and the Lorentz-polarization factors. First-
ly, plots of the Thomas-Fermi scattering factors for the cadmium
and the magnesium atoms as a function of sin @ /) eare drawn. With
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the aid of these, along with the values of F from Table 1, the
structure factors for the CdMg3 crystal for various reflections
are determined. Secondly, the Iorentz-polarization factors for
the Debye-Sherrer method are c?lculated by the equation
L.Pe = é°°32 '
sin“@ cos®
The numerical values are included in Table 3.

For the evaluation of S, the 201 fundamental and the Oll
superstructure reflections are chosen. The reason for such a
choice is that these reflections are the most intense. Under
such conditions, the expression for S2 is reduced to the simple
o 5% = 150 432 .

Before proceeding to study the kinetics of order disor-
der transformations, we have to subject the above equation to
experimental test. Such a procedure is espeially important in
view of the assumptions made regarding the temperature and the
absorption factors. To that effect, a sample is brought to a
high degree of order. On calculating the value of 8, it is
found to be 1.0. Furthermore, the integrated intensities (al-
so integrated densities) of the 201, and 200 fundamental reflec-
tions are compared both experimentally and theorétically. The
results are quite satisfactory. Theory predicted A1 [A200=4.3
while experiment yielded a value of 4,2.
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Table 3
Indiceg Angles|sinexl FMg FCd F L.P.
100 | 8%"' |.0921 | 10.1 | #4.0 | 33.98] 97.6
o1 | 12°:' |.135 9.5 | 41.2 |3x3L.78 43.4
110 | 14%8* |.159 9.1 | 40.0 |61.88 | 31.1
200 | 16°231|.184 8.8 | 33.4 |64.8 | 22.4
002 | 17%21].197 8.6 | 37.8 | 2%63.6| 18.9
201 | 18%2'|.208 8.5 | 37.0 | 3x62.5| 16.8
—d

Freparation of the Cdmg, Sample.

An ingot of CdMg s atomic composition 25% cadmium and
75% magnesium, is obtalned from Johnson Matthey & Co. The sam-
ple is powdered with a file in the atmosphere and then passed
through 100 mesh sereen. It is to be pointed out that if more
accurate work is desired, such a process must be accomplished
in an inert atmosphere to eliminate possible oxidation of the
sample. The powder is then stacked uniformly in Lindmann-glass
capillaries of internal diameter.5mm. After such a preliminary
preparation, similar samples are enclosed in pyrex tubes which
are evacuated to a pressure of 20-40 miecrons and then scaled off.,
To remove the strains produced in the erystal during filing, it

is important that the sample be annesled above its critical tem-
perature,
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Orderi t 25°¢.

At the outset it is necessary to study the ordering process
at room temperature (2500). Accordingly, a sample is heated for
20 minutes at 200°C and then quenched in icy water. An X-ray
photograph of the sample showed that the S reflections are not
present., The same sample was left at room temperature for 44
hours. Under such a condition, the 011 § reflection started to
appear; however, it is faint in comparison to the F reflections
to allow precise experimental measure of S. The determined value
of S is ,60. This same sample is left for an additional 26 hours
(70 hours from the time of quench.) The O0ll reflection is becom-
ing stronger in intensity. The calculated value of S is now.67.
In addition, the sample is kept for 93 hours from the time of
quench. Such an annealing time yielded a value of § = .72, Fi=-
nally, the sample was left for about 30 days in which case it
attained a value of S = .85.

Ordering at 70°C . '

A similar study carried out at 40°C indicated that the
rate of ordering is slow. PFurthermore, it is observed that at
70°C the rate of ordering starts to increase rapidly with time.
Samples which are similarly prepared are completely disordered
at 200°C after which they are guenched in water at 0°C to retain
the disordered state. Each sample is annealed aceording to the
time listed in Table 4., The experimental values of S are shown
also in the same table. It is important to carry out two cal-
culations of S, one from the upper refleections and another from
the lower reflections. The value of S indicative of long range
order is taken to be the average of the above two wvalues.
Discussion of Results.

An examinastion of Table 4 shows the general inerease of
S with annealing time at constant temperature. Now it is in-
teresting to search for the order of reaction n in Eqy 9. On
the basis of the assumption thet n = 3, an integration of Eq.9
with the condition that at time t = 0, S = 0, gives

—ﬁl -1=2Kt
(1-8)
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when a graph of l/(l-S)2 versus t is drawn, a straight line
is obtained showing that n = 3 holds within the experimental
error, From the slope of the straight line the rate constant
K at 70°C is determined to be of the order of lminfl.

It is to be pointed out that no research workers inves-

tigated the kinetics in the range from S = O to 8 = 1, Most of

Table 4
Sample |Annealing S S Average S
time Upper Lower
(minutes) Reflections Reflections
: 4 > «38 37 «38
a 1.0 .56 057 '57
3 15 <57 «55 «56
4 20 «64 _ .64
5 30 .79 083 081
6 60 «87 +86 «86 r
i 180 .86 _ +86 :
8 360 .98 «89 .93
9 960 1.0 1.0 1.0 '
- |

the work was concentrated in the region of S = 1. One of the
reasons for such a limitation is that it is believed that the
ordering process is not a homogeneous one and that it is not
as simple as described above. Other difficulties encountering
such a type of study are the existence of dislocations and the
dependence of long range order on short range order both of
which have been completely neglected in our study. With re-
gard to the experimental determination of S, the main prob-
lem that faced us was the broad and faint nature of the super-
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strueture peaks and background as effected by short range order.
In view of this, the determination of the integrated intensity
of the 8 reflections was an uneasy task. Furthermore, another
source of error is the assumption that the X-ray beam is mono-
chromatic, a circumstance which is not prevailing in the expe-
riment. All of these added together, it could be estimated
that the error is of the order of 5%. An account of these li-
mitations, the above results are to be thought of as of a semi-
quantitative nature,.
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