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ABSTRACT

Diffuse X-ray sca t t e r ing invest igat ions about the existence of short-range

order (SRO) have teen carr ied out in the Ni-Ta system for different concentrations

and annealing temperatures. I t i s observed tha t the values of the SRO parameters

for the f i r s t co-ordination she l l bare anomalously large negative values for a l l

the .samples s tudied. These values of the a, depend upon the annealing

temperatures and the concentration of Ta atoms in the Ni-Ta system. The r e su l t s

of the theore t i ca l predict ions of the ordering po ten t ia l obtained using the

formulae of the electronic theory of SRO,confirm the existence of very strong

a t t r a c t i v e cor re la t ion betveen the atoms of the different species in t h i s system.
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The present-day study of the order-disorder transformation in alloys

i s mainly devoted to the experimental invest igat ions of the evolution of shor t -

range order (SRO) in the form of local order in the non-equilibrium metallic

solid solutions depending upon the nature, concentration and annealing

temperatures and times and also the history of the specimen. The solution

of these problems i s important not only to explain the real space structural

changes occurring in the metallic solid solutions due to the lov temperature

annealing of the alloys saturated vith defects or la t t ice vacancies (plast ically

deformed, neutron irradiated or quenched) but also to explain the anomalous

behaviour of a series of physical properties of these solid solutions. In this

connection then the experimental investigations about the ordering reactions

in metallic solid solution are being carried out in two ways, i . e . by the

direct measurements of the diffuse X-ray or neutron scattering from the solid

solutions or indirectly by studying the behaviour of the physical properties

of these solid solutions under different conditions.

However, the indirect method to study ordering reaction in non-

equilibrium solid solutions provides only a qualitative understanding of this

phenomenon, whereas their quantitative determination, i . e . the sign, degree

and the type of local order can only be achieved by the direct method of X-r«y

or neutron Scattering.

A series of papers(Baer 1966; Chessin, Arajs and Colvin I96U;

Alizade and Hagarrov 1968; Larson, Taggart and Polonis 1970; vander tfekken,

Taggart and Polonis 19T1) have discussed the influence of the concentration

of non-magnetic transition metal elements V, Nb and Ta on the electrical

res i s t iv i ty , paramagnetic susceptibility and thennomagnetic properties of
Ni-rich alloys of HI-V, Ni-Nb and Ni-Ta systems. The anomalous behaviour of

al l these properties in these solid solutions has been attributed to the

appearance of short-range order in the form of local order at a certain stage

of annealing and (juenching of the samples. I t has also been concluded that
the influence of the concentration of the group V element on the anomalous
behaviour of the properties of ferromagnetic nickel is identical. The direct

determination of fluid SRO has also been made in James (1965) only for NI-10.at.Jr Ta.
Besides the experimental study to determine the fine structure of short-range

order in the form of local order, a series of attempts have been made to study

SRO using the fundamental interactions In the atoms of the solid solutions.

In Khvaja, Katanelson, Eilonov and Khruschcv (1976) relations h»ve been obtained

to predict the sign and degree of the SRO parameter and the interaction potential
on the basis of pseudopotetitial theory.



The purpose of this paper, therefore, is to analyse the kinetics of the

ordering reaction by determining the concentration and temperature dependence
the

of SRO in three aanplea of/Ni-Ta system by the direct diffuse X-ray scattering

method and to compare the results with the prediction of the electronic theory

of SBO.

II. EXPERIMENTAL METHOD AND ALLOY PREPARATION

The diffuse X-ray scattering measurements were carried out in poly-

crystalline samples using the experimental method explained below. The three

samples consisting of 3, 7 and 11 a.t.% Ta in nickel were in their a solid

solution region at the temperature equal to 1300°C. The compacts of these

compositions were prepared from 99-99J Hi and Ta powders. These were then
a

cast into the forma of pellets by/gradient famance with chill casting in

an innert atmosphere of purified argon. The alloys vere cold worked and

annealed at 1300° for 5 hours in order to ensure the homogeneity of the

relative concentrations of the two atoms in the alloys. The cylindrical form

of approximately 2 mm thickness ana 20 »m diameter was cut from the cast

pellets for the diffraction measurements. The plates were surface ground and

polished at Almas cream to produce a surface suitable for X-ray diffraction.

2.1 Diffuse X-ray scattering

Diffuse X-ray scattering measurements were made on a diffractometer

Dron-1 using line focused CO and Cu K radiations, monochromated by raflections

from a single crystal of Si (reflection plane {111}). The diffracted beam

was detected by a SHS-1-0 scintilation counter using the conventional circuitry

and the pulse-height analyzer SSD. The higher harmonics of the characteristic

radiations from CO and Cu were partly taken care of by the monocrystal of Si,

which eliminates the second harmonics, and partly by the use of the scintilation

counter and the pulse-height analyzer, which eliminates the third and higher

order harmonica. The measurements were made only for the angles greater than

10 > because first there ia no principal reflection in the low angle region

and second to avoid the defocussing effects because of the poor resolution of

the diffractometer for flat and small size samples in the low angle region.

The intensity was standardized by calibration with the scattering from quartz

at the higher angle of scattering. All measurements were made at room

temperature.

-3-

Colimeters were used to minimize the scattering by the air. The

latter was calculated by taking half of the measured intensity

without putting the sample in the specimen mount. CPlimeteF3 also helped

to minimize the vertical divergence of the incident (reflected from the mono-

chromater) and diffracted (reflected from the sample) beama. The samples in

the specimen-mount were rotated in the horizontal plane in such a way that

the angular velocity of the sample equalled half of the angular velocity of

the scintilation counter. Moreover, the samples studied were rotated along

the horizontal axis perpendicular to the surface of the sample. For this

purpose a special specimen-snount was used.

The heat treatments of the samples up to 900 C were carried out in a

tnd from 1000°C to 1250°C in an atmosphere of pur

annealed samples were quenched rapidly in diffusion oil.

vacuum and from 1000°C to 1250°C in an atmosphere of purified argon. The

2.2 EXTRACTION OF SHORT-RANGE ORDER PARAMETERS

The SRO and size effect (the linear and quadratic) dependent diffuse

X-ray scattering intensity was determined by subtracting the parasitic terms

in the measured diffused scattering intensity and subsequently put upon an

absolute scale (electron units per atom), i.e.

( 1 )

and !„„„ stand for the measured total intensity and the
TDb

where I , I , I
10 tv D

sum of the intensities from the non-coherent double-Brag and temperature

diffuse scattering, respectively. These parasitic contributions to the

measured intensity were calculated theoretically using the method proposed

by Iveronva and Katsnelson (i960). The Debye temperature was taken from

James (1950) and temperature diffuse scattering was calculated as in

Katsnelson, Kuvargina, Hivkivitch and Stupina (1973).

The diffuse scattering intensity I_g from a metallic solid solution

is given in terms of the SRO parameter ^

coefficients a and a by the expression

and linear and quadratic siie-effeet



where 1^^ = CACfi (fA - ffi) ia the Lau scattering corresponding to the
disorder distribution of atoms in the metallic lattice of the solid solution;
S, » UTT sine A ; fA and t^ are the atomic scattering factor for the A.
and B atoms; r, ia the interatomic spacing of the i neighbour atoms;

1B the i co-ordination number; and C_ are the atomic fractions
of atoms A and B and I-jc* and IQSE a r e t h e functions describing the
contribution correspondingly of the linear and the quadratic size effect and
these functions for Ni-Hb and Hi-Ta were calculated using the method proposed
by Katsnelson and Bodnira (1972).

III. RESULTS AHE DISCUSSIOHS

Tkc diffuse X-ray scattering intensity data as a function of scattering
angle 9 i s shown in Fig.l in the region near the first two superstructural
lines for a polycrystalline Hi-Ta system having different concentrations of
Ta atoms in nickel. Curve 3 corresponds to a plastically deformed sample of
l i -11 at.)( Ta, whereas curves 2 and 1 correspond to Hi-7 at.J Ta and
M-3 at.Jt Ta annealed at 1200°C immediately after plastic deformation. In
al l these three curves the sharp maxima are clearly seen in the region of
angles close to the superstructural positions (100) and (HO). The very sharp
shape of these maxima at the background of Lau's monotonically decreasing
Scattering amplitude with scattering angle 9 is the evidence ©f very atroag;

the
attractive interaction of unlike nearest neighbours in/Hi-Ta system, which gives
rise to the appearance of high degree of SRO. It is also seen that the
intensity of diffuse X-ray scattering decreases sharply from curve 1 through
curve 2 to curve 3 with the decrease of concentration of Ta atoms in the Hi-Ta
system. This shows that the degree of local order is very high even in a
plastically deformed sample of Bi-11 at.(Ta as compared to the other two samples

Vhich were annealed and quenched very rapidly in duffU3ion o i l . . This shows
that an attractive correlation between Hi and Ta atoms in Hi-11 at.Jf Ta system
is spreading over a comparatively large distance (^.10°A) as compared to the
other two systems. It was observed that the annealing of the sample Hi-11 at.if
Pt at 650 C and quenching i t in diffusion oi l give rise to two very sharp
peaks at the diffused intensity curve, i . e . one at the superstructural line
[112], 1012] for the Hi Ta phase and other at the [ItOOl for Si Ta phase.
The value of the diffused intensity for Scattering angle & > 50 for plastically
deformed and the annealed samples coincided. The increase in the annealing
temperature and time could not help annihiliate these two sharp peaks at the
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background of the diffuse maximum from Hi-11 a,t.% Ta. The appearance of these

two sharp peaks in tiie process of low temperature annealing of the. alloys

saturated with defects is due to the appearance of the highly ordered suli-
microregions of excess concentration in Hi-11 at.S Ta. We are of the opinion
that a very high temperature of annealing, i . e . a temperature greater than 125O°C

required
was I to annihilate these highly ordered submicroregion of excess concentration

A

formed in the Nl-11 at.% Ta alloys. In order to ahow this temperature dependence
of the SHO in N1-T& system, we represent the results for the dependence of
diffuse X-ray intensity from Hi-7 at.J Ta in Fig.2. It i s readily seen from
Fig.2 that the degree of SRO is much greater in the sample annealed at 900°C
and 1000 C than for the plastically deformed sample (see curves 1 and 2) .
However a further increase of temperature (curve 3) results in the decrease
of diffuse X-ray intensity and consequently the degree of SRO i s reduced.

The appearance of sharp peaks in the annealed sample of Hi-11 at.J Pts,
due to the nucleatlon of highly ordered submicroregions of excess concentration
in the plastically deformed sample with only short-range order of local order
type;and also the very high values of diffuse X-ray scattering intensities
from the annealed samples of Hi-3 at.Jt Ta and HI-7 at.£ Ta,confirms the con-
clusion made for the anomalous behaviour of the electrical resistivity (Eaer
2.966). Tbe increase of the degree of local order with the increase of the
concentration of the Ta atoms in the nickel also eonfirms the Investigation
made by Larson, Taggart and Polonis (1970) and by vander WeUcen (1971) about
a sharp decrease in the value of the electrical resistivity of the nickel
with the increase in the concentration of Ta atoms in i t .

IV. SHORT-RAHGE ORDER PARAMETER VALUES

The values of and^ a ' s c a l c u l a t e d from the measured d i f f u s e d

X-ray scattering intensity from these samples are given in Table I. It i s
seen from this table that the values of the SHO parameter for the first co-
ordination sphere are negative and i t s absolute value ia greater than the

limiting value 1 -
pAB

B
- p— I for all the cases under

consideration. This clearly shows the appearance of superfine structure or

the local order in these alloys. On the other hand, the values of <*„ are

equivalent to their limiting value. Such large values of at. greater than

their limiting values may be explained due to the appearance of regions rich

with tantalum concentration ir. the impoverished matrix of the solvent. Due

to this reason the values of the SRO parameter given in Table I are the
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effective values averaged over the submieroregion3 of excesa and impoverished

concentration. In order to show the reliability of the values of these

parameters ve recalculated the diffuse X-ray scattering intensity from these

parameters for Hi-7 at.jE Ta and have shown in Fig.3 together with the measured

value of the diffused X-ray scattering intensity (curve 2). The good

agreement between the synthesized and measured curve shows the reliability of

the results obtained.

It is worth mentioning that e very large value of the quadratic size

effect found for these alloya predict$the strong static distortion existing in

the lattices of the Hi-Ta system. However, it ia still not possible to explain

such a significant value of the size effect in this system. Apparently, the

regions rich with Ta concentration in the impoverished matrix of the solvent

causes additional static distortion in the submicroregions. In our opinion

the physical properties such as micro-hardness depending upon the static

distortion in the lattice should be investigated in these alloys.

V. PAIR POTENTIAL AHALYSIS

In order to calculate the value of this local order parameter and

to understand the ordering process occurring in these alloys ve have calculated

the ordering potential as the sum of direct ion-ion interaction and indirect interaction

of the ions through conduction electrons worked out in Khwaja, Katsnelson,

Silonov and Khruschov (1976):

V(«) =-

(3)

where V % ) = W°(q) - W°(q) and Z» = Z* - Z* : W°(q), W°(q) and and

are the bare pseudopotential and the effective valencies of A and B atoms,

respectively, 3_ is the alloy ionic volume;

constant in the Hartree-Fock approximation and

£™( is the static dielectric

is the scattering vector.

In order to evaluate V(K) from (3), we have used

Anlmalu's TMMP (1973) and Simpson's numerical integration scheme. The results

of the calculation of the ordering potential V(R) as a function of interatomic

distance R are shorn in Fig.U for Hl-3, 7 and 10 at .? Ta, The arrows 1,

2 and 3 represent the f i rs t nearest neighbour distance R. for three con-

centrations of the NI-Ta system. I t is seen that the values of the ordering

potential for the f i rs t co-ordination shell are positive for a l l the three
the

concentrations of/Hi-Ta system. This large positive value of ordering
potential for the f irs t shell explains the existence of very strong forces
of repulsion between the l ike atoms at the f i rs t co-ordination shell as
compared to force of attraction.between unlike atoms with the result that
pairing of unlike atoms takes place. One also sees from Fig. ** that the
ordering potential has a quasi-oscillating character and i t s oscillations

are spreading over a distance greater than 10 A . This shows the existence
of strong correlation between the atoms of HI and Ta In the MI-Ta system and
thus explains the existence of experimentally found local order in these
alloya. From Fig. h one also observes the sharp dependence of the ordering
potential upon the concentration of Ta ator.s in the NirTa system. Thus the
theoretical predictions confirm the concentration dependence of the local order
in the HI-Ta system

VI. SUMMARY

Thus the direct diffuse X-ray scattering method to investigate the
existence of SRO in alloy has shown that SRO in the Hi-Ta system exists In
the form of local order. The values of this local order are dependent upon
the concentration of Ta atoms in/HI-Ta system and also upon the annealing
temperature. The values of the SRO parameters increase with the concentration
and i t shows a anomalous behaviour with annealing temperature. These
anomalously large values of 1SR0 parameters and the appearance of the peaks
upon the diffuse background in Hi-10 at .J Ta upon annealing and quenching of the
semple^may only be explained by the formation of such regions of excess con-
centration where even the nucleation of LEO is possible- in the SRO alloys.
The analysis of the ordering potential for these alloys using the formulae
of electronic theory of SRO confirasthe experimental investigations.
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Table I FIGURE CAPTIOUS

The values of the SRO parameters and l i n e a r and quadrat ic s ize

ef fec t s for Tfi-Ta system.

Alloy

Ni-3 at

Hi-7 at

Hi-11 at

•*

. *

Ta

Ta

Ta

- 0 .

- 0 .

- 0 .

06

13

16

a

- 0 .

0 .

0 .

2

08

23

18

a

-0

- 0

-0

3

.02

.02

.08

0

0

0

a
g

.12

.19

.20

a

0 .

0 .

0 .

2

26

52

i

The dependence of I - I as a function of s c a t t e r i n g angle 26

ia shown for the three concentra t ions of Ni-Ta system.

• represen ts Ni-3 a t . J Ta a l lay annealed at 1200°C

and quenched in o i l ,

Q represents Si -7 a t . * Ta a l loy annealed at 1200°C

and quenched in o i l ,

y represen ts p l a s t i c a l l y deformed sample of

Hi-10 a t . * Ta a l l oy .

Varia t ion of I , - IT from Si-7 a t . * Ta as a function of
el Lau

scattering angle 8 and annealing temperature.

X represents plastically deformed sample (curve 1),

O represents annealed sample at 1000 C and quenched,

# represents annealed sample at 1200 C and quenched,

Arrows shov the superstructural lines [100] and [110] for the fee

crystal of Hi-7 at.* Ta.

Fig.3 The variation of the (I .-I )/IT vith the scattering angle 26

for Hi-7 at.* Ta. (I -I )

O represents the measured value of z

Lau

Toe points x represent the calculated values of (I J~IJ 1/^T,

from the measured values of the SRO parameters. Arrows represent

the position of superstructural lines [100] and [110] for

tii-7 a t .* Ta.

The variation of ordering potential (in atomic units} with the

concentration of the Ta atoms in Ni-Ta system and as a function of

the interatomic distance R(in a.u.). S , H. „, R.-, denote the

position of the nearest neighbour for Ni-3 at.?, 7 at.S and

10 at.* Ta, respectively.

X denotes Ni-3 at.* Ta,

# denotes Si-7 at.* Ta,

0 denotes Hi-10 at.* Ta.
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