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The short-range atomic order for a single crystal of f.c.c.—Ni—9 at.% Al solid solution
quenched from 1073 K, as well as the short-range order transformations initial stages during
isothermal annealing at 373 K have been investigated using the diffuse X-ray scattering
method. Specific features of the thermal two-phonon diffuse scattering have been analyzed. It
is shown that in quenched state, the short-range order corresponds to the presence of concen-
tration waves in the alloy with ordering vectors k, = X(001) and k, = (000.2). The initial
ordering kinetics stages are accompanied by a considerable increasing of the short-range order
diffuse intensities for vectors close to the structural one. The time dependence of the Warren-
Cowley short-range order parameters, as well as local atomic configurations simulation results
(using the Monte-Carlo technique), have shown that such transformations correspond to the
nucleation and growth of the two short-range ordered regions: clustered (decomposing) and
L1,-type weakly ordered (NizAl) ones.

MeTtozmom mud@ysHOro paccessHUs PEHTTeHOBCKUX JIyuel HCCJIeJOBAHO CTpPOeHHe OJIMKHe-
ro aTOMHOTO MOPAJKAa MOHOKPHCTAJJIMYECKOro CILJIaBa TBEPAOro pacTBopa samernenus ['I[K-—
Ni—9 at.% Al, sakamennoro or 1073 K, a Taxk:ke HauaJbHBIE CTAJIUU IPEeBpAIleHUN OAMKHE-
ro MopsAAKa B IIpollecce M30TEPMUUECKOr'o OT:KHUra ciasa mpu Temieparype 373 K. IIpoana-
JINBUPOBAHLI OCOOEHHOCTU [ABYX(OHOHHOTO TeIJoBoro Au@ysHoro paccednus. IlokasaHo,
YTO B 3aKAJE€HHOM COCTOSIHUM CTPOEeHH’e OJMMKHEro MopAgKa COOTBETCTBYET IIPUCYTCTBUIO B
cIjlaBe KOHIeHTPAI[MOHHBIX BOJH ¢ BeKTopamu ymnopanouenusa k, = X(001) u k, = (000,2).
IIpu sTOoM HauaJbHBIE CTATUN KHUHETHUKN YIOPAJOUEHUS COIPOBOMKIAIOTCA 3HAUNTEJILHBIM
pocroM qud@Pys3HON MHTEHCUBHOCTU OJIMIKHEro MOPSAAKA IS BEKTOPOB, OJUBKUX K CTPYKTYD-
HOMy. BpemMeHHasi 3aBHCHMOCThL IIapaMeTPOB OJMMKHero mopajaka YoppeHa-Kaymm, a Taxxe
pes3yabTaThl pacueTra JOKAJBHBIX aTOMHBIX KoH(Urypamuii mo meronry MouTte-Kapiao mokasza-
JIM, UTO TaKWe IIPEeBPAIlleHUs COOTBETCTBYIOT 3apPOKICHUI0O M POCTY IABYX OJMMKHEYIIOPALO-
ueHHBIX obxacreil: pacmamaromiefica u ciabo ynopsmouenHoll mo L1y-tumy (NisAl).
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The high-temperature stability of physi-
cal and mechanical properties of Ni—Al al-
loys has provided a major prospect of their
use in engineering as multi-functional mate-
rials. A specific feature of this system is
that it conserves a high degree of atomic
ordering up to the melting point. Certainly,
this phenomenon is conditioned by the con-
siderable pair interaction energies of Ni and
Al atoms and, as a consequence, a specific
spatial distribution of alloy components (su-
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perstructure formation). So, for example, in
the region enriched in Ni, at Al contents
cp = 25 at.% the L1,-type ordered cubic su-
perstructure (NizAl) is formed on the basis
of disordered f.c.c. solid solution [1-11]. At
Al contents cp ~ 50 at.%, the Lly-type su-
perstructure (NiAl) is formed [1]. Second, in
spite of the strongly pronounced atomic
order, Ni—Al system in the Al concentration
region of 0 <cp <25 at.%, the magnetic
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order is formed due to non zero spins of Ni
atoms with temperature-dependent values
[12]. Third, because of a considerable size
difference of Ni and Al atoms and, as a con-
sequence, large deformations ("strain-in-
duced”) effects, Ni—Al alloys are known to be
inclined to isostructural decomposition (at
Al contents cp > 10-12 at.%) [2-4]. Thus, a
detailed studying of the ordering process
and its time evolution in this system will
allow to establish a correlation between mi-
croscopic and macroscopic physical charac-
teristics of the alloy.

The qualitatively thermodynamically
equilibrium spatial distribution of the com-
ponents as well as the ordering kinetics can
be investigated using electron microscopy
and electron diffraction techniques. At the
same time, the only quantitative method to
study atomic correlation effects in alloys is
the diffuse X-ray (or thermal neutrons)
scattering. That method was used before to
investigate the short-range order equilib-
rium states for Ni—Al solid solutions of sev-
eral compositions quenched from various
temperatures T : Ni—7.3 and 10.5 at.% Al
(T,=673, 823 K) [8], Ni-8.9 at.% AI(Tq=
775 K) [9], Ni-9.5 and 9.8 at.% Al (T, =
973 K) [7], Ni-12.7 at.% Al (T, = 1323 K)
[6] and alloys Ni—46.2; 50,04; 58.2 at.% Al
(Tq = 1473 K) [5]. Basing on those studies,
the Warren-Cowley short-range order pa-
rameters, Fourier components (and origi-
nals) for static and dynamic local lattice
distortions [10] and the total "mixing” en-
ergies were determined. Basing on obtained
results, was established that short-range
atomic order in Ni—Al solid solutions belongs
to L1,y-type (NisAl). At the same time, elec-
tron-microscopic studies of other authors
[3] and [2, 4] testify to the presence of de-
composition processes in alloys with the
specified Al contents. A more reliable estab-
lishing of ordering and/or clustering proc-
esses in Ni—Al system is possible only by
studying the time dependences of intera-
tomic correlation parameters at early re-
laxation stages, as it is made in this work
using the diffuse X-ray scattering kinetics.

To research the interatomic correlations
in Ni—Al alloys, the Ni—9 at.% Al solid solu-
tion single crystal was chosen. The single
crystal of 2x8x10 mm3 size was grown in an
alundum crucible with a conic seed part in
argon atmosphere. An outer facet of the
sample was cut parallel to the (001) plane.
The initial state has been obtained by
quenching from Tq= 1073 K of a sample
previously annealed during 8 hours. The
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quenching was carried out in 10 wt.% aque-
ous NaOH (at room temperature) in a spe-
cial device. Then the sample was annealed
isothermally at T, = 373 K. The X-ray dif-
fuse scattering was measured using MoK,
radiation (using a DRON-3 unit at U =
32 kV and I =32 mA). Such regime pro-
vided separation of hard radiation high har-
monics A/2, A/83, etc., and the fluorescence
component from the spectrum of beam
monochromated previously by a LiF crystal
monochromator [13]. To transform the dif-
fuse intensity into absolute electron units,
the scattering intensity from low-absorbing
fused quartz [14] was used as a reference.
The correction for absorption was taken
into account, too, in case of inclined dif-
fraction geometry of the sample examina-
tion [14].

The components caused by the Laue back-
ground modulation (short-range order,
static and dynamic local lattice distortions,
etc.) were separated using the Cohen-Geor-
gopoulos separation techniques [15—17]. The
separation is based on the symmetry differ-
ences of the diffuse background modulation
functions by scattering components in the
reciprocal space. So, in general, the diffuse
scattering intensity, according to [11], can
be presented as

Inigs (B) = Neacp(fa — fp)? %
x [ISRO(k) +Igp p (k) + IDYN.DG‘)} +

+ Ipg W) + I3pE (W) + ooy, (K),
where term Ncpcg(fa — fB)Z defines the so-
called Laue multiplier (N is the number of
atoms in the unit cell; ¢y, ¢y, fa, f, atomic
concentrations of the alloy components and
their scattering factors, respectively); that
term defines the diffuse background inten-
sity for the alloy at 0 K, at absence of in-
teratomic correlations and zero static and
dynamic distortions of first and higher or-
ders. Igpo(k), Ipps?(k), Ippg®t4t-(k) are
the intensities caused by the interatomic
correlations, thermal two-phonon and multi-
phonon diffuse scattering, respectively.
IComp(k) is the Compton scattering intensity.
Igr p(k), Ipyn ptk) is the Fourier components
of the static and dynamic erystal lattice local
distortions defined by relations [11]:

Igr p(k) = Y B [nQAAK) + EQBB)],
i=x,y,2
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Inyn.p® =
= > ()’ [M2RANK) + ZnERABK) +E2RPB(K)] +

i=x,Y,2

+ > Y hhn2SHAK) + 2neSABK) +E2SERK)],

i>j

where k =ik, + jhy +kh,, n=Refp/(fp — fp)»
£= RefB/(fA - fB)a ﬁ2 = |fA|2/|fA - fB|2,
§2 = |fB|2/|fA - fB|2, ng = RefAfB/|fA - fB|2,
Here, Q?A(BB)(k), RﬁA(AB)(BB)(k),

SHAUABBB)(K) are projections of the Fourier

components onto the reciprocal lattice axes
(i = x,y,2) of linear static, quadratic static
and dynamic atomic displacements, includ-
ing the Xuang scattering and the single-
phonon diffuse one. The all presented com-
ponents are related to their Fourier origi-
nals in the direct space by the relationships:

Isgo®) = D aypy pos(nh, Lcos(nh,m)cos(nh,n),

lmn

QAAMK) = -2n)_ (cp/Cp + Oypy) < XA > x
lmn
X sin(nhxl)cos(nhym)cos(nhzn)} ,

QBBk) = 2712 {(cp/ca + Oypy) < XPB. > x
Imn
x sin(nhxl)cos(nhym)cos(nhzn)},

RAMK) = -212)" (cp/Cp + Oypy) X
lmn
X < XfooXyy > cos(mh,d)cos(nh,m)cog(nh n),

SEAK) = 4n2) {(ca/ cp + U)X
lmn
X < XbooYfmn > sin(rh,Dsin(rh, m)sin(h,n)}.

In this Q%”(hx’hleg) =
Q;”(hy,hz,hx) = Qf;“(hz,hx,hy) are valid. Such
type symmetry in the reciprocal space is
inherent in RYY (k) and Slﬁv(k) scattering
components (i, v= A, B). Using the reverse
Fourier transformation of the specified
Fourier components, their values in direct
space can be determined. So, for example, the
quantity o;,,, means deviation of the two-par-
ticular probability (finding of B(A)-type atom
on the distance r(Imn) to A(B)-type atom)

case, the
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Fig. 1. High symmetry points (¢) and first
irreducible f.c.c.-lattice Brillouin zone (- - -)
where diffuse scattering intensities Igpq(k)
from Ni—9 at.% Al solid solution were meas-
ured. The (001)* plane is shown.

ratio to the average atomic concentration of
the same B(A)-type atoms in the crystal
from 1. In general case, the number of all
scattering components modulating the Laue
background is 25. For their correct separa-
tion, it is necessary to measure the diffuse
scattering intensities in 25 equivalent vol-
umes of the reciprocal space.

Taking into account the transformation
features in Ni—Al alloys, our measurements
were carried out in the superstructural
points k = X[2n/a(001)], W[2rn/a(01/21)],
(short-range ordering regions) and close to
the structural (fundamental) ones
k — I'[2n/a(000)] (clustering regions)
points, and in directions such as <100> and
<110> pertinent of the wave vectors re-
gions of first irreducible f.c.c.-lattice Bril-
louin zone (Fig. 1).

It is known that, when studying the dif-
fuse background in alloys caused by the in-
teratomic correlation effects, it is necessary
to take into account correctly the parasitic
components caused by scattering on the lat-
tice thermal vibrations-two-phonon IZpg(k)

and multi-phonon scattering I%B‘lg---(k).
These scattering components have been cal-
culated theoretically. According to the the-
ory presented in [18,19], the two-phonon
and multi-phonon scattering intensity is de-

fined as:
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Fig. 2. Two-phonon diffuse scattering intensities distributions, {(I%Ds(k), near the structural (fun-

damental) reflex (420) (a) and its dispersion dependence along the <100> direction (b). Intensities

are presented in electron units per atom.

flexp(-2M)
qr—qj
x 2 I 2 Vzlvzwcos(k,qu)cos2(k,Uq,j)dV,
hxhyhz i,j=1,2 qir°qj

gy =
= Nf2[1 — exp(-2M)(1 + 2M + M?)],

where M is the Debye-Waller factor; qu,
Uq'j, polarization vectors of the thermal vi-

bration modes; qu, Eq’l’ Vgir Vi energies
and frequencies for interacting phonons.

In Fig. 2, the calculated values of the
thermal two-phonon diffuse scattering in-

tensities IZpg(k) for Ni-9 at.% Al alloy (at

T = 300 K) are shown.

The two-phonon scattering intensity is
seen to increase considerably near to the
fundamental Bragg reflexes (k — I'(000)
though it cannot be neglected in superstruc-
tural positions, too.

Using the above theory, the X-ray dif-
fuse scattering intensity components have
been separated for a single crystal sample of
Ni—9 at.% Al solid solution quenched from
1073 K and isothermally annealed at tem-
perature 373 K. In Fig. 3, shown are the
isodiffuse scattering intensity distribution
and kinetic dependences of the intensity
caused by interatomic correlations, Igpp(k),
and also Warren-Cowley short-range order
parameters o(r,) (r, is radius-vector for n-
th co-ordination shell) for the sample
quenched and annealed during 15 min.

It is seen from Fig. 3a that the diffuse
intensity Iggpg(k) is concentrated mainly in
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high symmetry superstructural points
X(010) of the Brillouin zone as well as near
to the structural reflexes I'(000). It is to
note that in quenched state, the diffuse in-
tensity in X points is 2.5 Laue units while
in the (000.2) (k > I') positions, this value
is 27 Laue units. Thus, the short-range
atomic order in Ni—9 at.% Al alloy can be
related preferentially to that corresponding
to the short-range clustering (or decomposi-
tion) in a weakly ordered L1, type matrix.
Such conclusion can be drawn also from the
kinetic dependences of Warren-Cowley
short-range order parameters a(r,,t) (Fig.
3b) which are positive up to the third co-or-
dination shell and increases with the an-
nealing duration. Also, it is seen from the
diffuse intensity time profiles (Fig. 3c) that
at initial Iggq(k = X) relaxation stages, the
intensity remains essentially constant, in
contrast to Igpo(k — I increasing noticeably
in time. It is to pay attention to the lattice
parameter dependence on the annealing du-
ration a(?) (Fig. 8d) which decreases during
the annealing, thus confirming the develop-
ment of the short-range clustering. All pre-
sents kinetic dependences specify that the
short-range clustering process in Ni—9 at.%
Al alloy can be related to spinodal decompo-
sition (formation of the two short-range or-
dered regions with different compositions
after quenching).

Taking into account the complexity of
the short-range order transformations in
Ni—Al alloys, the simulation of local atomic
configurations must be of interest. In our
case, computer simulations of the short-
range order in Ni—9 at.% Al solid solution
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Fig. 3. Short-range order diffuse intensity distribution, ISRO(hxhth), for the quenched sample (a)
and Warren-Cowley parameters a(r,) for two states: quenched and annealed during 15 min at 373 K
(b). Kinetic intensity dependences Iggy(k,t) for wave vectors k = X(2n/a[010]) — ® and
k — I'(2n)/a[000]) — e (c), and the lattice parameter time dependence a(t) (d).

has been carried out by Monte Carlo method
developed in [20—26], using the experimen-
tally obtained Warren-Cowley short-range
order parameters o(r;,,). The cyclic bound-
ary conditions were applied to the modeling
crystallite. The simulations was carried out
for a three-dimensional f.c.c.-lattice array
with 216,000 atomic positions. For the alloy
with 9 at.% Al, this array contained 19,440
atomic positions for alloying Al atoms. Initially,
the random atomic distribution (Fig. 4a) was
generated. It is seen that for such distribu-
tion, there are no specific features in local
atomic spatial correlations. Then, Ni and Al
atoms (randomly selected) exchanged their
positions, and then the following parameter
was calculated:
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> (afgle - ofxp)?
Imn

> (agxb)?

Imn

R =

where a§XP. af2lc are experimental and cal-

culated Warren-Cowley short-range order
parameters (after each of the atomic ex-
change), respectively. If the R wvalue de-
creased, both kinds of atoms remained in
their new positions. Otherwise, they were
returned to the initial positions. In the
simulations, we were limited R to the value
~1076. Fig. 4b shows the atomic distribution
for the short-range ordered state of Ni—
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Fig. 4. The short-range order computer simulations in Ni—9 at.% Al alloy by the Monte Carlo
method: random atomic distribution (a), after quenching from 1073 K and the subsequent annealing

at 373 K during 15 min (b).

9 at.% Al alloy quenched from 1073 K and
then annealed at 373 K during 15 min.

It is seen from Fig. 4b that in alloy after
isothermal annealing during 15 min, there
is a slight number of the ordered L1, type
clusters (NizAl), and also the short-range
clustering regions. The simulation of the
short-range order in Ni—9 at.% Al solid so-
lution confirms the presence of several con-
centration waves with various wave order-
ing vectors kg in the alloy.

To conclude, using the measurements of
X-ray diffuse scattering intensity kinetics,
the initial stages of short-range clustering
(decomposition) and short-range ordering in
the single crystal f.c.c.—Ni—9 at.% Al solid
solution has been studied. It is shown that
diffuse scattering intensity is concentrated
mainly around two ordering wave vectors kg
= X(2n/a[010]) and k; — I'(2n/a[000]), cor-
responding to the two concentration waves.
The relaxation process kinetics during iso-
thermal annealing is characterized by an in-
significant increase of diffuse intensity
Igro(k,t) in superstructural points X and by
a sharp increase in positions close to the I
points. The time dependence of the Warren-
Cowley short-range order parameters
ofr,,t), as well as the local order configura-
tions simulations (by the Monte Carlo
method) have shown that the spatial redis-
tribution of alloy components corresponds
to nucleation and growth of the two short-
range ordered regions: clustered and L1,
type weakly ordered (NizAl).
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Bausbkuii MOPAIOK y TBEepAOMY PO3UYHHI 3aMillleHHS
I''TK—Ni—9 ar.% Al

C.M.Boxou, M.Il1. Kyaiw, B.B.Pawrko,
0.B.Cnazoécvruil, B.A.Tamapenko

MeTomom nu(y3HOro pos3CisiHHA PEHTreHiBChbKHX IMPOMEHIB HOCIiaKeHO 0ymoBy OJM3bKOr0
MOPANKY MOHOKPHCTAJIIUHOro cmiaaBy TeBepgoro posduumny samimemns I['IIK-Ni-9 ar.% Al,
saraprosanoro Bixm 1073 K, a Taxko mouaTkoBi crazii mepeTrBOpeHb OJM3BKOIO HOPALKY
nporeci idorepmiunoro Bigmany cmiaBy mpu temieparypi 373 K. IIpoananizoBano ocobim-
BOCTi ABO(OHOHHOrO TemaIoBOro Au()y3HOro poacisgHHs. IlokasaHo, IO y 3arapToBaHOMY
craHl OymoBa OJM3BKOIr0 MOPSAKY BiAIIOBiZae mMpHCYyTHOCTI y CIIaBi KOHIEHTPAIIMHUX XBUJb
3 BexTopammu ynopagkysamHa k, = X(001) Ta k, = (000,2). IIpu mpomy mouaTkoBi cramii
KiHeTHKHU YIOPSAKYBAaHHS CYIIPOBOAKYIOTHLCS 3HAUHUM 3POCTAHHSAM IU(MY3HOI iHTEeHCHMBHOCTL
OJIMBBKOr0 IIOPSAKY [OJA BEKTOPiB, OMM3bKMUX OO0 CTPYKTypHOro. Hacopa 3aJjieKHicThb Iapa-
MeTpiB O0gM3BKOro mopsakKy Yoppema-Kayiai, a Tako:K pe3yapTaTd POSPAXYHKY JOKAJIBHUX
aToMHUX KOH(pirypamiii 3a meromom Monrte-Kapiao moxkasanum, oo Taki IIepeTBOPEHHS
BiAIIOBiZa0Th BUHUKHEHHIO TA POCTY [IBOX OJH3LKOYIOPAAKOBAHHX obsacreii: Taxkoi, Mo
posmafaeThesa (PO3IIapoOBYEThCA), Ta caabo ymopagkosanoi sa Lly-tumom (NijAl).
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