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The kinetics of spinodal ordering for Ni—-Mo solid solutions (Ni-11.8 at.% Mo ) has been
investigated by residual electric resistance and diffuse X-ray scattering methods. It is
shown that during isothermal annealing (at 373 K), the behavior of residual electric
resistance, diffuse scattering intensity, and short-range order parameters depends heavily
on the initial spinodal ordering state which is obtained by quenching from various tem-
peratures (1223 and 573 K). Such behavior of the specified quantities is caused by origi-
nation and mutual transformation of spinodal ordering clusters of N,M, and NsM types.

MeTomaMu OCTATOYHOI'O 3JEKTPOCOINPOTUBICHUA U AUDPPY3HOIO pPACCEAHUA PEHTTEHOB-
CKMX JIyuell M3yueHa KHHETHMKA CINHOUIAJBHOrO YIIOPALOUEHUA TBepAbIX pacTBopoB Ni—Mo
(Ni-11.8 at.% Mo). IloxaszaHo, UYTO C TeueHMEeM BpeMeHU m3oTepMuueckoro or:kura (373 K)
MOBeleHre OCTATOYHOTO 3JI€KTPOCOIPOTUBJICHUSA, WHTEHCUBHOCTA IUMQPYIHOrO pacCesHUsd,
mapaMeTpoB OJIMIKHEr0o IMOPALKA CYIIeCTBEHHO 3aBUCUT OT WMCXOAHOTO COCTOSHUS CIUHOU-
IaJbHOTO YIOPANOYEHUs, KOTOPOe IOCTUTAETCSA 3aKaJKOM OT pasjanuHbiXx Temmeparyp (1223
u 573 K). Takoe moBeJeHVe yKa3aHHBIX BEeJWYUH OOYCJOBJIEHO 3apOKIEHUEM U B3aMMHON
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TpaHcopMaIued KJIaCTePOB CIMHOUIAILHOTO ynopanodenua NoM, u NgM.

Ni—Mo alloys belong to systems where
spinodal ordering can be described by a con-

centration wave with a wave vector (1%0)

which differs from wave vectors peculiar to
long-range ordered (LRO) structures observ-
able under stoichiometry conditions. The
study of short-range to long-range order
transition thermodynamics and kinetics [1-7]
in various NiyMo and NizMo alloys evidences
the presence of various ordering stages. The
electron diffraction study results, theoreti-
cal stability calculations of various phases,
and computer simulation of structure show
that at various temperatures, the clusters
are formed in time which correspond to the
certain long-range ordered structures. Such
clusters are considered as those resulting

from interference of (1%0> concentration

waves and/or their interaction with the
same waves of (100) type. Only at high tem-
peratures close to those of phase transfor-
mations, the formation of discrete microdo-
mains NigMo for 20 at. % Mo alloys or
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Niz;Mo and NiMo for NisMo alloys is observed
[1-83]. At low concentrations, in the solid
solutions region of Ni-Mo alloys, it is natu-
ral to expect the presence of spinodal order-
ing, however, the kinetics of this process
and its mechanisms are not investigated.
Only short-range ordering in Ni-Mo alloy
with 11.8 at.% Mo in annealed state has
been investigated in detail using diffuse X-
ray scattering method were. Such a state
was obtained by slow cooling of a single
crystal sample from high temperatures up
to room one. It has been shown that in this

state, the diffuse (1%0) peak is blurred and
short-range order of NiyMo type is observed,
though no obvious peak in the %(420) posi-

tion is formed [8, 9].

In this work, the kinetics of spinodal or-
dering processes for a single crystal Ni—-Mo
(Ni-11.8 at.% Mo) sample was investigated
using isotherms of residual electric resis-
tance and diffuse X-ray scattering tech-
nique. In the latter case, the intensity ki-
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Fig. 1. Temperature dependence of residual

electric resistance of Ni-11.8 at.% Mo alloy
quenched from 1223 K.

netics caused by the short-range order and
linear static distortions separated according
to known methods [8, 9] was studied. The
diffuse scattering intensity was measured
on the (001)” plane of reciprocal space in the

region covering (1%0) diffuse peak and super-
structural maximums %{420) of B-Ni;Mo (D1,)

phase and %{420) of Ni,Mo (Pt;Mo) one. The

residual electric resistance was measured
for thin polycrystalline samples that of
the same composition in liquid nitrogen
after isothermal annealing at 373 K for
various times for samples quenched from
1223 and 573 K.

It is to note that the study of residual
electric resistance for the sample quenched
from 1223 K in initial state under isochro-
nous annealing, Fig. 1, testifies to complex
behavior of electric resistance with increas-
ing temperature. The change of this electric
resistance cannot be attributed to any fac-
tor, except for short-range ordering that is
observed in alloy. Thus, the complex char-
acter of electric resistance unequivocally
testifies to a variety of short-range order-
ing processes in Ni—-Mo solid solutions. The
value of electric resistance in initial state
after quenching from 1223 K is much less
than that for annealed sample. It is seen
from the electric resistance curve that a
change of its behavior occurs at tempera-
tures ~373 and 573 K. Therefore, it was of
interest to compare relaxation processes of
spinodal ordering at 373 K for various in-
itial states (1223 and 573 K).

The kinetics of residual electric resis-
tance is quite different for the mentioned
initial states. So, for a sample quenched
from 1223 K, the electric resistance in-
crease sharply at first (Fig. 2) , and then
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Fig. 2. Kinetics of residual electric resistance
for Ni-11.8 at.% Mo alloy, quenched from
1223 (1) and 573 K (2).

the increase is slowed down. In contrast, for
the state obtained by quenching from
573 K, electric resistance decreases at short
isothermal annealing (T, =373 K) and,
passing a minimum, starts to increase
slowly, Fig. 2. The study of short-range
order kinetics using the time dependence of
diffuse scattering intensity in various
points of reciprocal space for sample
quenched from 1223 K allows to conclude
that at the initial stage, the spinodal order-

ing due to a concentration wave with (1%0)

type vectors is decayed. The decay of these
concentration waves is accompanied in time
by intensity increase near superstructural

%{420) and %(420) reflections that testifies

to formation of N3M structure. The presence
of such structure, as it was noted, results

from superpositions of (1%0) waves [T7].

Thus, in a temperature interval close to
373 K, the ordering state tends to coexis-
tence of clusters of hypothetical NoM, and
N3M structures. The appearance and growth
of the latter one reduces in time the sharp
increase of electric resistance.

The decrease of electric resistance ob-
served on isochronous curve in temperature
interval between 373 and 573 K (Fig. 1),
allows to assume that in this interval, the

revival of the (1%0) concentration wave oc-

curs. Only in this case the residual electric
resistance should decrease. The increase of

the (1%0) concentration wave amplitude

seems to be due to decay of N3M clusters,
therefore, it is natural to expect that it is
just an increase of diffuse scattering inten-
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Fig. 3. Distribution of the short-range order intensity Igzo(h;h,0) (a) and short-range order parame-
ters or) (b) for Ni-11.8 at.% Mo alloy quenched from Tq =573 K and annealed at T, = 373 K
during (min): 0 (I), 0.5 (II), 13 (III), 60 (IV).
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sity in (1%0) position at its insignificant

magnitude in %{420) and %(420) points

that should correspond to the quenched
state from 573 K. Really, in the initial
state (quenching from T = 573 K), the
short-range order intensity distribution
Igro(h1h50) in reciprocal space, Fig. 3, I(a),
and the set of short-range order parameters

o(r), Fig. 3, I(b), indicate that (1%0) concen-

tration wave, i.e. clusters of N,M, type,
prevail in the alloy. At short annealing
times at 373 K, Fig. 2, the electric resis-
tance decreases, i.e. an insignificant addi-
tional ordering proceeds described by a

1
(120> wave.

The subsequent increase of annealing du-
ration, even insignificant, Fig. 3, II (a), re-
sults in an appreciable redistribution of in-
tensity which becomes concentrated mainly

in superstructural positions %{420> and
%(420), and also in bars from point (1%0) to

- . e short-range parameters olr),
é<420> The short t (r)

Fig. 3, II(b), also testify to origination of
spinodal-ordered structures of N4M and
NyM types. At increasing annealing dura-
tion, Fig. 3 (III, IV) and Fig. 4, an apprecia-
ble formation of N3zM clusters at the ex-
pense of destruction spinodal ordering de-

scribed by a (1%0) wave is observable. The

generation of N3M clusters at 8373 K is ac-
companied, as well as in the case of quench-
ing from 1223 K, by a slow increase of elec-
tric resistance, Fig. 2.

Thus, in Ni-Mo solid solutions, depend-
ing on obtaining conditions of one or other
state, a set of wave vectors occurs, to which
the spinodal ordering processes correspond.
These processes at low-temperature isother-
mal annealing (T, = 373 K) are accompa-
nied by mutual transformation of short-
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Fig. 4. Kinetics of short-range order in-
tensity Igro(h;h,0) at isothermal anneal-

ing (T, =373 K) in positions NoM, (<1%0>)

(1), N,M (%<420>) (2) and N,M (é<420>) (3)

for Ni-11.8 at.% Mo alloy quenched from
Tq =573 K.

range order clusters between structures de-

scribed by concentration waves (1%0),

1 1
3(420) and §(420).
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KimeTuka cmiHOZAJHhHOTO BIOPATKYBAHHS
y TBepaux posuumHax Ni—-Mo

C.M.Boxou, M.Il. Kyniwm

MeromaMu 3aJUIITKOBOTO €JEKTPOOIOPY Ta AUMYSHOTO PO3CiAHHA DPEHTTeHiBCHBKUX IIPO-
MEeHiB BHBYEHO KiHETHKY CIIiHOZAJBbHOIO BIOPAAKYBAHHA IJd TBepaux posunHiB Ni—Mo
(Ni-11.8 ar.% Mo). Iloxasauno, mo 3 yacom izorepmiunoro Bigmany (373 K) mosexinka 3a-
JUIIKOBOTO €JIEKTPOOIIOPY, iHTEHCUBHOCTI AMMY3HOTO pPO3CiAHHA, HapaMeTpPiB OJMIKHBOTO
MOPSAAKY CYTTEBO 3aJIEIKUTH BiJf BUXIAHOTO CTAaHy CIiHOZAJIHLHOTO BIOPANKYBAHHS, AKe HOCS-
raeThCcsa 3arapTyBaHHAM Bif pisHux Temmepatryp (1223 ta 573 K). Taka moBeminka sraganux
BeJIMYWH OOYMOBJIEHA 3apOAKEHHSIM Ta B3a€MHOIO TpaHchOpMAaIli€lo KJIAaCTepiB CIiHOTAJIbHO-
ro snopaaxysaraa N,M, ta N;M.
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