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ORDERING ENERGY OF Mo-Ni 10.7% Mo ALLOY
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Department of Solid State Physicr:s,vlnstitute of Metallurgy, Academy of Mining and Metallurgy, Cracow*
( Received January 8, 1979)

This paper deals with the determination of Mo-Ni 10.7% Mo alloy ordering energy
for the three first coordination shells. Calculations have been carried out on the basis of short
range order parameters measured for the alloy monocrystal and cited in Spruiell’s and
Stansbury’s paper. A pair model has been adopted in the analysis as well as the so-called
linear approximation of the solution of the correlation function equations cited by Clapp
and Moss in their paper.

1. Introduction

The purpose of this research was to find a method for determining the ordering energy
in an AB type alloy for successive coordination shells on the basis of experimentally deter-
mined values of short range parameters. Mo-Ni 10.7% Mo alloy of fcc structure was used
as a model. Let us consider-an AB type alloy with two sublattices «, f and .of atom con-
centration C, and Cg respectively. The ordering energy for succesive coordination shells
of r; radius is defined as follows:

V() = 3 (VA4 + VPP —2p48),

where V24, V™8, 1B are interaction energies of the atom pairs AA, BB and AB respec-
‘tively. The short range order in the AB type alloy may be described by Cowley’s short
range order parameters . '

n Pas(Tims)

Xpn = 1
CACB

2

where 7y, = 11a,+4ma,+%na, is the vector linking the first atom considered with the
next one at a site denoted /, m, n; a,, a,, a, are cubic lattice translations. The formula
is valid for a fcc structure. pag(r).,) denotes the probability that atoms spaced at ry,
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would take position within the o and B lattices, respectively. Fourier transforms «(k) and
V(k) for order parameters o, and ordering energy V,,, define these quantities within
reciprocal space. Thus the following relationships may be written:

1 —
O = 0(1)) = ;—-Jd"’koc(k) exp (—2nik - r;), @
k
1 - o
Viom = V(0) = o= [ V0 0xp (<2018 7, @
k

where k — vector of the reciprocal lattice, v, — unit cell volume within reciprocal space
According to the results obtained by Clapp and Moss [2], who assumed the so-called linear
approximation to the solution of correlation function equations, the following relationship
exists between a(k) and V(k) transforms:

R C) .

1+

where kg — Boltzmann’s constant, T' — temperature, C — constant selected so that the
condition

1 A
Ho00 = po f Pko(k) = 1 4)

is satisfied. When using the inverse Fourier transform we obtain from equation (1) the
relationship

1 . .
k) = —fd3roc,,,,,, exp 2nik * 7. (5)
Uk

Equation (3) allows one to determine V(k) values on the basis _of the known a(k) values.
When adopting the inverse Fourier transform in the calculations we obtain fr_c_)m V(k)
the values of simple lattice ehergy V(r)).

2.  Experimental part

In our research we have made use of the values of short range order parameters a(r;)
for Mo-Ni 10.7%; specified in paper [1]. The measurements were carried out on a mono-
crystal of the alloy quenched from 1273 K in iced water. Under the measurement condi-
tions the alloy had fcc structure. The measurement technique as well as the method adopted
for parameter determination are specified in paper [1]. In Table I are listed the parameters
defined in [1] and adopted in the present calculations.
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TABLE I
Three dimensional short range order parameters for Mo-Ni 10.7% Mo
Imn %imn 1 Imn ®ymn
|

000 1.000 521 ' —0.005
110 —-0.250 440 0.013
200 0.140 530 —0.010
211 _ 0.168 433 0.000
220 ‘ ~—0.110 442 0.000
310 —0.061 600 —0.022
222 —0.126 | 611 0.012
321 0.043 532 ] 0.000
400 0.093 620 0.002
411 —0.068 541 0.007
330 —0.035 622 0.000
420 0.033 631 0.000
332 [ 0.016 444 © 0.000
422 | 0.003 550 0.000
510 ' 0.023 710 0.006
431 | 0.000

3. Calculation of short range order parameters by means of Fourier transform

Since for a fce lattice V' == 1/a3 the expression for oy, = o(r;) has the form

s

L]

~

G = a° [ dPko(K) exp (—2mik -
we obtain the relationship
a(k) = Cy Y, Clrmy €XD 2mik’ - ¥,
Since o
k-7 = 3(lhy+mhy+nhs),
the form of the expressions for ay,, and a(k) will be
Cn = @° | dPka(k) exp [ —in(lhy +mhy +nh3)],
a(k) = Cy Y. Gypw €xp [in(l'hy+m'hy+1'h3)],

Um'n’

i = 27)°C18° Y, S0~ D16~ m)]3[m(' ~ )] = (27

Hence C; = 1/(2m)®. Thus the expression for a(k) takes the form

1
(k) = (2——71)3 Z Uy €XP [in(lhy + mhy+nh3)].
imn s

®

)

@®)

®)
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Because of the crystal symmetry the imaginary part of the expression considered above
may be disregarded. Finally we obtain for a(k) the relationship

a(k) = (2 e Oynn €08 (7lhy +mh, + wnhs). 109

Imn

4. Calculation of V(k) energy

The interaction energy within reciprocal space V(k) is calculated in a similar way as
the a(k) quantity. The form of the energy is as follows:

1
V(k) = V(hl, hz, h3) = (—27{)-3 z I/lm” CQS n(lh1+mh2+nh3). (11)

Now we calculate the value of the V(k) energy per 1 equlvalent sne 1n the fcc lattice.
For this purpose we will plot in figure 1 the SImple lattice vectors a;, 4, a5 as well as the
arrangement of the atoms at eight equivalent lattice sites in reference to a given atom
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Fig. 1. Simple lattice vectors @, 42, ds as well as atom arrangement at eight equivalent sites

assumed to be the centre. Since a,, a,, d5 vectors may have positive and negative senses
and the /mn quantities may take on both positive and negative values, we can write for
V(k) energy the following relationship

V09 = oy > Vo Con Ry by

1
@ny’
i
= (—27—& VimmlLcos 7(lhy + mhy + nh3)+-cos n(—1lhy —mh, —nh;)

+cos n(lh, +mhy —nh3)+cos n(—lhy —mh, +nhj)



+cos n(lhy —mhy+nhs)+cos n(—lhy +mh, —nhy)
+cos n(—lhy +mhy+nh3)+cos n(lhy — mh, — nhy)
= 2[cos n(lhy +mhy+nh3)+cos n(lhy +mh, —nhy)+cos n(lh, —mh, +nh3)
+cos n(—Ihy +mhy+nhy)]. “

After a trigonometrical transformation we obtain the formula below:

1
V(k) = — 8V cO8 wlhy cos wmh, cos nnhs;.
(2m)

For an equivalent fcc lattice site the value of V(k) energy will be

1 =
V(k) = (Er? Z Vimn €08 Wlhy cos amh, cos nnh;.

5. Calculation of the ordering energy for the first three coordination shells
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(12)

(13)

(14)

Figures 2, 3 and 4 show the arrangement of the atoms within the first, second and
third coordination shells of the fcc structure respectively. In Table IT there are specified
the coordinates of one of the atoms within the successive coordination shells as well as the
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Fig. 2. Atom arrangement within the first coordination shell
Fig. 3. Atom arrangement within the second coordination shell
Fig. 4. Atom‘ arrangement within the third coordination shell

respective coordination numbers. From equation (14) we may calculate values for each

coordination shell

2 2 2
Vin = (21)° [ dhy | dh, | dhyV (k) cos nlhy cos nmh, cos nnhs.
o (1] o

(15)
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TABLE II
Atom arrangement within individual coordination shells of an fec lattice
Shell No Coordination No Z; Atom coordinates
1 12 ) 1/21/21/2
2 6 ' 1 00
3 24 11/21)2
V(k) values are obtained-from formula (3)
ks T
Vk)= — - 16
() 2C,Cg[a(k)—1] (16),
Tnserting this value into equation (15) we obtain the expression for Vi,
2 2 2
Viw = (2m)° | dhy | dh jdh LI LTl § an
mn = n -
: 112 o, chlagk) ~1]
0 10 0

6. Results

The following parameters have been adopted in the calculation of the ordering energy
for an Mo-Ni 10.7% Mo alloy: C, = 0.107, C3 = 0.893, T = 1273 K. The calculations
have been carried out using a program designed for a CYBER computér.

The ordering energy values obtained are listed in Table III.

TABLE I1II
.Ordering energy valiles for Mo-Ni 10.79, Mo alloy

Shell No : Ordering energy [eV]
i 58.07 %1072
2 —57.31x10°3
3 g —20.82x1073

7. Conclusions

The calculation method adopted in our research allowed the determination of the
value of the ordering energy for three successive coordination shells. The correctness of the
results obtained when using this method depends on how far the conclusions resulting from
the so called linear approximation of the linear correlation function solution is valid for
the alloy considered. The accuracy of the results depends largely on the accuracy of the
experimental determination of the short range order parameters. The positive ordering
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energy for the first coordination shell shows that majority of the twelve nearest neighbours
are unlike the atom at the centre. The change of the sign of the energy for the second
and the third coordination shells indicates that majority from among six and twenty four
atoms, respectively, are the same as the atom at the centre. The energy values obtained
in our research agree as to order of magnitude with analogous results for other alloys [3].

The authors express their acknowledgement to Dr M. JeZabek from the Jagellonian
University for his assistance in the numerical computations.
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