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Phase-separation kinetics of a multicomponent alloy
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Phase separation kinetics of multicomponent 350-grade maraging steel has been investigated on both re-
crystallized as well as cold-worked specimens by small-angle x-ray scattering, wide angle x-ray scattering, and
transmission electron microscopy at two different temperatures, viz. 430 °C and 510 °C, for different aging
times. Unlike previous observations, at both the temperatures, dynamical scaling behavior is observed at the
early stages of phase separation accompanied by diffuse interface of the secondary phases. Porod exponents
have been found to be greater than 4. At late stages, the precipitate-matrix interface becomes sharp — the
Porod exponent is close to 4 but clear deviation from the dynamical scaling behavior is evident. At 430 °C, the
phase separation is attributed to the formation of an orderptlase through a mechanism involving chemical
ordering and thev-like lattice collapse in the bcc structure. Tiigdependent population averaged precipitate
radius followstY®> power law indicating cluster diffusion mechanism of Binder-Stauffer type for the entire
range, 30 min—72 h, of aging time. At 510°C, the phase separation is attributed to the formation of
Ni3(Ti,Mo0) with DO,, structure through the process of nucleation and growth. Average precipitate radius
follows t*3 Lifshitz-Slyozov power law for the entire range, 5 min—18 h, of aging time. The system, despite
being multicomponent and complex, appears to follow two distinct time-temperature-transformation curves. As
far as the effect of cold work on phase-separation behavior is concerned, it has been found that cold work
facilitates the growth of the precipitates. Also, it narrows down the size distribution and enforces strong spatial
correlation of the precipitates. Cold working the material is found to be detrimental to the dynamical scaling
behavior.[S0163-182@9)06325-0

. INTRODUCTION of large g (gL(t)>1) asymptotically approaches(x)
~x~(@*M wheren is the number of components in the vec-

The kinetics of phase separation from a homogeneousor order-parameter field exhibiting the scaling behavior. The
phase into a two phase region is a subject of continuingforementioned scaling law reduces to well-known Porod
fascinatiot™*®for the last several decades. These studies argw S(q,t)~q~* for a three-dimensional system with single
of immense practical significance for metallic alloys as theorder parameter and sharp interfaces.
kinetics of phase separation and the microscopic structures of Experiments’~°on binary alloys show that the scaling
the secondary phases determine many properties of the gthenomenon holds only at the late stages of phase separation
loys for their technological end use. In this regard, the dy-whenS(q,t) exhibitsq~* dependence for high-values. At
namical scaling behavior during phase separation is of corthe initial stage, the scaling law is not operative &{d,t)
siderable importance towards understanding the phasexhibitsq 2 dependence for high-values. The investiga-
separation of an alloy system. Scaling hypothesis, originallftion of scaling phenomena in the case of liquid crystals with
motivated by computer simulation resuftdhas been proved multicomponent order parameter indicatetfthe validity of
to be valid on a number of binary alloy$-°For an alloy  the scaling hypothesis. But, to the best of our knowledge,
system, according to generalized scaling theddes'°the  similar investigation on multicomponent alloy systems is yet
time-dependent scattering functi@{g,t) in the scaling re- to be carried out. The present investigation on phase-
gime obeys simple scaling lavs(q,t)~L(t)*F(qL(t)) separation behavior of 350-grade maraging steel, a material
whereq is the length of the wave vectoL(t) is the time-  of strategic importance, is a step in this direction.
dependent characteristic length ahid the dimensionality of The current study shows that the dynamical scaling law
the system. The scaling functiodf(gL(t)) in the domain holds, in contrast to its validity during late stages of phase
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separation in binary alloys’~1° during the early stages of A study of the response of the cold-worked martensite to
phase separation in the multicomponent alloy maraging steedging treatments is considered necessary since, quite often,
However, the scaling phenomenon is valid only at the earlycomponents are aged without prior recrystallization treat-
stage when the interface between the secondary phase amnts. The study becomes even more important in view of
matrix is diffused. At the late stages the interface becomethe fact that, at temperatures around 4504 @elated phases
sharp but the dynamical scaling law does not hold good. are known to form in 18 wt% Ni steefS.The formation of
Maraging steels, developed fif3in the 1960s at the In- w through lattice collapse mechanism takes place at a large
ternational Nickel Company and well known for their high number of siteqapproximately 1¢ sites per crf) in the

strength-to-weight ratio, high toughness, and easy machimatrix and cold work can influence this density.
ability in the solution annealed condition, are extensively

used in strategic applications. As the name indicates, high
strength in these steels is developed by precipitation harden- Il. EXPERIMENT
ing of the relatively soft martensitic matrix. Precipitation
hardening of this alloy is therefore an important processing Two specific temperatures, viz. 430°C and 510 °C, have
step to achieve the desired properties for a specific end usbeen suitably chosen in order to study the competition be-
The evolution of microstructure of the material with aging tween the formation of the ordered phase and the interme-
treatments has been extensively investigdfet primarily  tallic precipitates, the former known to occur at lower tem-
by TEM. These studies have helped in the identification ofperatures. The selection of higher aging temperature has also
crystallography of the precipitating phases. been governed by the fact that the chosen steehposition
Servant and co-worke?s?> employed the complementary 18 wt% Ni, 4.2 wt% Mo, 12.5 wt% Co, 1.7 wt% Ti,
techniques of small-angle x-ray scatteri®AXS) and trans- 0.1 wt% Al, 0.02 wt% Mn, 0.004 wt% C, and rest)Fs
mission electron microscopfTEM) for studying the phase conventionally hardened by vacuum aging at 510 °C. At
separation behavior of a 300-grade maraging steel at agingach temperature, the specimens have been aged for different
temperatures of 458 °C and below and reported the formagyrations of time. At 510 °C, the aging time ranges from 5
tion of both disordered and chemically ordef@chase. An min—18 h while at 430 °C, time ranges between 30 min and
attempt was also made to establish the growth of radius of2 .
gyration of the precipitates with aging time. It is noteworthy  gimultaneous small-angle x-ray scatterif®AXS) and
that the orderedv is of current intel’egf as the mechanism Wide-ang|e Scattering\NAX) measurements have been car-
of its formation involves a combination of displacive and ried out at synchrotron source, ELETTRA, Trieste, Italy us-
replacive ordering. In the present study, we address the iSSLilﬁg 16 keV (wavelengthx=0.077 nm) branch of SAXS
of the competition between the formation oflike struc-  peamline?® Scattering functions have been estimated after
tures through a combination of displacive and replacive orsyptracting the suitably normalized scattering functions of
dering vis-avis precipitation of intermetallic phases through the recrystallized specimens from the corresponding normal-
classical nucleation and growth. ized scattering functions for the aged specimens. The nor-
The formation of thew phase in a bcc lattice can be malization of the scattering functions have been carried out
conceived as an introduction of a longitudinal displacementor unit thickness of the sample. Thickness of each specimen
wave’ in the lattice. In fact the athermg@@— o transition  has been calculated from the transmission of the specimen

has been shown to be a displacive transition. However, forand linear absorption coefficient (309.012 ¢hh of this
mation of ordered» structures involve a combination of dis- material.

placement wave and chemical ordering. At the early stages

of precipitation, which has been investigated in the present

work, the devglopment and amplification o_f displacement Ill. DATA INTERPRETATION AND DISCUSSION

and concentration waves leads to the formation of ordered

structures. During the evolutionary stages such inhomogene- Figures land 2 show the time-dependent scattering func-

ities are expected to have diffuse interfaces as far as thion S(q,t) [q=4msin(@)/\, where 2 is the scattering

composition is concerned. angld at 430 and 510 °C, respectively. As evident from Figs.
We also investigate the effect of cold rolling on the pre-1 and 2, with increasing aging time the scattering function

cipitation phenomena. It is well known that cold working an becomes sharp with the position of the maxima shifting to-

alloy increases the density of dislocations in it. These dislowards smaller wave vectors and with the peak intensity in-

cations may provide paths for diffusion of solute atoms forcreasing quite sharply. These observations indicate that both

the growth of precipitates as well as sites for nucleation ofgrowth and the spatial correlation of the secondary phase

precipitates under appropriate conditions of aging. In maragintensify with aging. Figure 3 shows the effect of cold rolling

ing steels of 18 wt% Ni variety, a high density of disloca- on precipitation phenomena as manifested on the scattering

tions is introduced due to the lattice invariant deformationfunction. Here also the scattering functions have been ob-

associated with the transformation of austenite to martensiti@ined after subtracting the suitably normalized scattering

during cooling. These transformation related crystallographifunctions of the cold rolled and nonaged specimens from the

cally necessary dislocations are known to strengthen theorresponding ones for the cold-worked and aged specimens.

martensite. Cold deformation of martensite increases the did=rom Fig. 3 it is evident that cold work facilitates the growth

location density further, albeit only marginally. This is in- of the precipitates and their spatial correlation.

ferred from the low work hardening rates seen in these steels Porod exponents, as estimated frorfiritensity vs In(q),

at ambient deformation temperatures. in the g range 1.8-2.86 nit for various specimens are
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FIG. 1. Time evolution of the scattering functi@tq,t) of 350- FIG. 3. Scattering functios(q,t) of cold-rolled and recrystal-

grade maraging steel aged at 430 °C for different durations of timdized specimen of 350-grade maraging steel for some aging condi-
as mentioned below against each profilB. recrystallized,(2) 30 tions as mentioned belowl) recrystallized(RC); (2) cold rolled

min, (3) 1.0 h,(4) 3.0 h,(5) 7.0 h,(6) 18.0 h,(7) 24.0 h,(8) 48.5 h, (CR); (3) RC, 430°C and 7.0 h4) CR, 430°C and 7.0 h5) RC,

(9) 72.0 h. The inset shows the time evolution of average precipitatd30 °C and 18.0 h{6) CR, 430 °C and 18.0 H7) RC, 510 °C and
radius showing law. 1.0 h;(8) CR, 510°C and 1.0 h.

listed in Table I. The deviation of the Porod exponents fromconcentration wave in the bcc lattice, the latter involves a
4 is more pronounced for specimens aged at 430 °C. Thstructural transition into the fcc lattice and a growth of a
proximity of the values to 4 for specimens aged for long timeconcentration wave therein.

are indicative of well defined interface. The positive devia- This conjecture is also supported by a model calcul&tion
tion of the Porod exponents of the profiles from 4 is indica-of scattering profile from a spherically symmetric inhomoge-
tive of the diffuse interface between the precipitates and the

matrix which arises essentially due to the presence of com- TABLE I. Porod exponents of the specimens.
position modulation in the matrix. This is expected as the
formation of both the ordere@d and Ni(Ti,Mo) phases in- Sample specification Porod exponent

volve development and amplification of concentration wavesaging temperature and time
of appropriate wavelength in the prenucleation stage. While

in the former case a displacement wave interferes with th&ecrystallizedRC) 5.23:0.12
10 RC,430°C and 30 min 5.120.13
0 RC,430°C and 1.0 h 5.090.13
RC,430°C and 3.0 h 4.890.12
® Siopoc 13 RC,430°C and 7.0 h 4.780.13
Z 1 / RC,430°C and 18.0 h 4.560.14
_ g o RC,430°C and 24 h 4.250.15
e * T RC,430°C and 48.5 h 4.300.12
; 0.5 1 ' RC,430°C and 72.0 h 4.083.12
< 1 10 100 1000 10000
=) time {min) RC,510°C and 5 min 4.750.16
é RC,510°C and 15 min 4.540.14
- RC,510°C and 30 min 4.3430.132
........... RC,510°C and 1.0 h 4.120.12
A - RC,510°C and 3.0 h 3.9980.11
oo . / e " RC510°Cand6.0h 4.0840.11
' ' ' ’ . ' ' ' RC,510°C and 18.0 h 4.0150.11
q (nm’)
FIG. 2. Time evolution of the scattering functi&fq,t) of 350-  Cold rolled(CR) 4.098+0.107
grade maraging steel aged at 510 °C for different durations of time
as mentioned below against each profil). recrystallized,(2) 5 CR,430°C and 7.0 h 4.0¥20.16
min, (3) 15 min, (4) 30 min, (5) 1.0 h,(6) 3.0 h,(7) 6.0 h,(8) 18.0 CR,430°C and 18.0 h 4.0220.11
h. The inset shows the time evolution of average precipitate radiug€R,510°C and 1.0 h 4.0350.11

showingt® law.
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FIG. 4. The scattering profile of a polydisperse model systenr s 20.0 250 80.0 350 400
where the interface composition has a gradual variation as shown @t )
by a schematic figure given in the inset. At largethe profile FIG. 6. WAXS profiles of specimens aged at 510 °C for some
IEHOWS a power law~q~***3(®1%) The solid line is only a guide to  gpecified duration of time. The side peak is indicated by the arrow.

e eye.
over other complementary techniques like TEM. The con-

neity with diffuse interface as shown by the inset of Fig. 4.centration modulation gives rise to the side peak observed in
The composition has been assumed to have sinusoidal varithe WAXS profiles, as shown in Figs. 5 and 6, with a char-
tion at the interface. Polydispersity following square-waveacteristic wavelength~0.21 nm) in the system and can
size distribution has been introduced to smoothen the profilglso explain the diffuse interface of the precipitates. With
shown in Fig. 4, represented in form ofintensity vs In(q). aging this modulation dies down. At 510 °C, this modulation
The Porod exponent of the calculated profile has been found
to be 4.3430.14. Porod exponent can be raised as high as ~
by increasing the widfl of the diffused interface. L CR, 430°C, 18 hr.

The observation of diffuse interface is a demonstration of [ *
the unique capability of the small-angle scattering techniqut

CR, 430°C, 7 hr.

- ©
= 3
o
w =
i~ L 430 c 18 hor g b
® =
| | s
[ S
S L 3 CR, 510°C, 1 hr.
P [ C
© ) L
—_ b= E
> =
= [
[
2 L
£ 3 E
; 1
:_Recrystalized |
] Cold rolled (CR ) {
0.01 |
0.01 F
10-4 L
15.0 20.0 25 .0 30.0 35 .0 40.0 b
qg (nm ) 10_4'
15.0 40.0

FIG. 5. WAXS profiles of specimens aged at 430 °C for some
specified duration of time. The side peak is indicated by the arrow.
The strong peak is due to reflection frqil0 of the martensite bcc FIG. 7. WAXS profiles of cold-rolled specimens. The side peak
matrix. is weak.
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FIG. 8. Dark field(DF) micrograph, using 1/2
(110 reflections, showing the presence of
w-phase particles. The inset at the top shows the
selective area diffractio(SAD) pattern of these
reflections. The inset at the bottom(is10) SAD
pattern from the bcc matrix. It shows reflections
at 1/3 and 2/3 positions of112-type vectors
confirming the presence @ phase.

dies down faster than that at 430 °C. These findings are papf precipitates occurs through concentration fluctuations
ticularly interesting since the formation af-related phases rather than through the collapse of the lattice. In this case,
involves the collapse of the parent lattice by a displacemerthe conversion of an embryo into a nucleus through a con-
wave. It is conjectured that the collapse is precededentration fluctuation results in sharp interfaces relatively
by chemical ordering making the process of ordesedre-  quickly with well defined composition of the nucleus. The
cipitation necessarily thermally activated. At the beginningdiffraction patterns therefore contain clear spots correspond-
of this precipitation process, the interface is more diffusedng to phases like N{(Ti,Mo) as shown in Fig. 9. These
but as the aging proceeds, the precipitate-matrix boundariegudies hint at the existence of two distinct time-temperature-
become sharper. It is noteworthy that the WAXS profiles, transformation(TTT) curves for precipitation in maraging
Fig. 7, from cold-rolled(CR) specimens have weak side steels, one below 450 °C and the other above this tempera-
peak. ture. A schematic of time-temperature-transformatiomT)

A clear evidence of formation ab phase is also obtained curves illustrating this feature is shown in Fig. 10.
in the electron diffraction patterns. One typical pattern from The SAXS scattering profiles, as depicted in Figs.
a specimen aged at 430 °C for 25 h is shown in Fig. 8. The, 2, and 3, have been analyzed in the light of inter-
initial stages of the formation of characteristicphase are acting hard-sphere approximatidh? The profiles are
seen as diffused streaks in the diffraction patterns. best interpreted in terms of radius dispersjgfR) of the

At temperatures above 450 °C, the nucleatiodgB type  secondary phase in the form of Weibull distribution,

FIG. 9. Dark field (DF) micrograph of a
specimen aged at 510 °C for 30 min. The inset
shows the(113) zone of the bcc matrix. The ad-
ditional spots could be indexed in terms of differ-
ent variants of Nj(Ti,Mo).
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at 430 °C and with exponent 0.35, close to 1/3, at 510°C.
In order to examine the scattering function kinetics in the
light of scaling phenomena of unmixing in alloy
system*®11-1318ye have calculated the normalized scaling
- function F(q/q.(t))=[q.(t)13S(q,t)/=q?S(q,t) 59 where
g,(t) and 8q are the first moment of the scattering function
S(q,t) and experimental increment, respectively. The plots
of F(q/q,(t)) for specimens with different aging time at 430
L and 510°C are shown in Figs. 11, 12, and 13, respectively.
® From Fig. 11, it is evident that the scaling function
F(a/q,(t)) is independent of tinfe® up to an aging time of 7
h. At this temperaturer (q/q,(t)) scales asd/q,) 44301
for large @/q;). From Fig. 12 it is evident that time-
independent feature of scaling function is observed up to 15
min at 510°C. F(qg/q.(t)) scales as d/q;) *?*%16 for
large @/q,) indicating diffused interfaces between precipi-
tates and the matrix. Beyond these points, the change of the
scaling function takes place in a rather broad time range at
both the temperatures. Irrespective of aging temperature,
p(R)=c(R/Ry)? "t exd — (RIRy)°], wherec is the normaliza- phase separation broadly follows two distinct patterns. In the
tion constant andR, andb are adjustable parameters. The initial stage, dynamical scaling holds for the scattering func-
results of the fit are given in Table Il whekg denotes the tion S(q,t) which exhibitsq™**® (where5>0) for highq
volume fraction of the precipitates anddenotes the ratio of values. Nogq~? law® was observed. However, at late stage
the two radii, corresponding to the hard sphere and the predynamical scaling does not hold good twit* law holds.
cipitate, respectivelyR,; andR, denote the first and second These observations are in sharp contrast with those
moment of the radius distribution, respectively. The variationobtained®!” with Alzn and FeCr alloys. In AlZn and FeCr
of R, with time at 430 and 510 °C are shown in the insets ofalloys, at early stage dynamical scaling does not hold good
Figs. 1 and 2, respectivelyR, follows a scaling law with  for the scattering functio®(q,t) which exhibitsq™? power
aging time with exponent 0.2152, somewhat closer to 1/5law for high q values as predicted by Langer, Bar-on, and

Ni(Ti,Mo)

Temp.

450 C

log time

FIG. 10. A schematic of time-temperature-transformatibhT)
curve of 350-grade maraging steel.

TABLE Il. The results from the fit of the polydisperse hard sphere following Weibull distribution. The parameters are defined in the text.

Sample specification 1] v Rg b R, R,
(aging temperature and time (nm) (nm) (nn?)
Recrystallized RC) 0.011+0.001 1.001-0.027 1.142-0.008 3.00%+0.12 1.02:0.03 1.1780.059
RC,430°C and 30 min 0.0¥20.001 1.016:0.027 1.69%0.012 3.200.128 1.52:0.05 2.582-0.129
RC,430°Cand 1.0 h 0.0140.001 1.025-0.028 1.9540.014 3.480.139 1.75& 0.05 3.40%0.17
RC,430°C and 3.0 h 0.01#60.001  1.13%*0.029 2.46&0.018 4.01-0.16 2.2380.067 5.4010.27
RC,430°C and 7.0 h 0.020.002 1.146-0.029 2.976:0.022 4.130.17 2.702:0.081 7.8430.392
RC,430°C and 18.0 h 0.0410.004 1.201-0.032 3.556:0.026 5.31+0.21 3.27%0.098 11.25%#0.563
RC,430°C and 24 h 0.0520.005 1.182-0.032  3.794:0.028 5.480.22 3.502-0.105 12.808 0.64
RC,430°C and 48.5 h 0.0740.007 1.176:0.032 4.38%0.032 5.8890.24 4.062-0.122 17.14%0.857
RC,430°C and 72.0 h 0.0980.009 1.192-0.032  4.753%0.035 6.1530.25 4.416-0.132 20.2-1.01
RC,510°C and 5 min 0.0260.002 1.0230.028 2.2840.017 4.70.19 2.09:-0.062 4.6240.232
RC,510°C and 15 min 0.0420.004 1.02%10.027 3.33%0.024 5.10.2 3.070.092 9.9020.495
RC,510°C and 30 min 0.0750.007 1.036:0.028 4.2640.031 4.950.2 3.9130.117 16.130.806
RC,510°C and 1.0 h 0.0870.008 1.042-0.028  5.3210.039 7.12:0.29 4.982-0.149 25.4991.275
RC,510°C and 3.0 h 0.0960.009 1.066:0.03 7.684-0.056 9.52-0.38 7.295-0.219 54.062-2.71
RC,510°C and 6.0 h 0.1680.01 1.1090.03 9.765-0.071 11.580.46 9.345-0.28 88.286:4.414
RC,510°C and 18.0 h 0.120.011 1.202-0.032  14.0840.103 15.8980.64 13.6250.409 186.75:9.34
Cold rolled (CR) 0.023-0.002 1.0120.027 2.027%0.015 3.34-0.13 1.82-0.054 3.6720.185
CR,430°C and 7.0 h 0.0960.009 1.09-0.029 11.8380.086 14.5640.58 11.4210.343 131.3626.57
CR,430°C and 18.0 h 0.1660.01 1.182-0.032 16.0530.048 19.89#0.79 15.626:0.469 245.1212.251
CR,510°C and 1.0 h 0.1160.01 1.153-0.031 6.0680.044 6.8490.27 5.67-0.17 33.0931.655
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1.0
slope = 0.09
slope = 0.151 FIG. 11. Scaled scattering functidf(d/q,)
—_ of 350-grade maraging steel aged at 430 °C for
g different durations of time. The correspondence
T of the profile number and the aging time is the
i i same as mentioned in Fig. 1. The inset shows the
100 1000 variation of the reciprocal ofy;(t) with time
time (min. ) plotted on a logarithmic scale.
I N I ' I N I
5 6 7 8

a/q,

Miller.® At late stage, botly™* law and dynamical scaling changes from 1/5 to 1/3 which is not in accord with the
hold good. As discussed before, cold working a material inpresent observation. However, it is interesting to note that
troduces defect fields. Figure 13 indicates that the introducR;, the first moment of the size distribution of secondary
tion of defect field is only detrimental to the scaling phenom-phase, follows a scaling law, shown by the inset in Fig. 1,
ena in the present material. It would be an interesting subjeatith aging time with exponent close to 1/5 as predicted by
for future investigation to see if this phenomenon is valid forthe cluster dynamics of Binder and StauffeHere the
other materials too. growth of the secondary phase is due to coalescence of clus-
Since the cluster of the secondary phase can have artgrs by a slow structural and compositional change in the
arbitrary shape, the consideration of growth of average clusmaterial between them. This change is compatable with the
ter size with aging time is pertinent for the present investi-structure and composition of clusters. At 510 °C, there is no
gation. The insets in Figs. 11 and 12 show the variation otrossover of the scaling behavior ofj;(t) and «
the reciprocal ofg,(t), proportional to average cluster size, =0.248(+0.019) is uniform for the entire aging time range.
with time. q,(t) follows a power lawt ™ “. At 430 °C, thereis R, follows a scaling law, shown by the inset in Fig. 2, with
a crossover of the scaling behaviorgyf(t), i.e., the value of aging time with exponent close to 1/3 as theoretically pre-
« is not uniform over the entire time range unlike the scalingdicted by the coarsening model of Lifshitz and SlyoZov.
behavior ofR; shown in the insets of Figs. 1 and 2. At This coarsening model involves a condensation process in
430°C,w=0.15(x0.01) up b 7 h anda=0.09(=0.004) be-  which clusters grow by the diffusion of single atoms one
yond 7 h. At 510°C, the value of is uniform over the after the other from one stationary cluster to the other. It is
entire time range and is close to 1/4. These findings indicataoteworthy that at high temperature, viz. 510 °C, the growth
the possibility of the nonunique characteristic length. is through diffusion of single atoms while at relatively lower
It is to be noted that the theory of Binder and Stauffer temperature, viz. 430 °C, the growth is through diffusion of
predicted crossover phenomena where the valueaof clusters. The size distributions of the precipitates are nar-

1.0
FIG. 12. Scaled scattering functidfn(g/q,)
- of 350-grade maraging steel aged at 510 °C for
g different durations of time. The correspondence
u_g of the profile number and the aging time is the
10 100 1000 same as mentioned in Fig. 2. The inset shows the
time( min. ) variation of the reciprocal odj;(t) with time on a

logarithmic scale.
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1.0 these transformations occur appear to be different at the two

o temperatures. It could be due to different thermodynamic

/ stability criterion at the two temperatures. From SAXS re-
sults, it is evident that kinetics of phase separation is differ-
ent at the two specified temperatures. The system exhibits

\ scaling phenomena but only at the early stage of phase sepa-

ration. At the late stage, the scaling phenomenon does not
hold good. Possibility exists for nonunique characteristic
length. Average radius of the second phase follows different
power laws at the two temperatures. There is no crossover
phenomenon as far as the time scaling of the average radius
is concerned, unlike the reciprocal of the first moment of
g—which shows a different time scaling. Porod exponent
being close to 5 is not indicative of the existence of multi-
component order parameter. TEM investigations clearly in-
dicate that at each aging temperature, system exhibits only
one order parameter as separation of only one phase takes

FIG. 13. Scaled scattering functiof(q/q,) of cold-worked pla}ce. Present i.nvesti'gation a!sq hints at the. possibility of
350-grade maraging steel aged at 430 °C for different durations ofxistence of a time er_1d0W W'th”_] which scaling phe_nom-
time as mentioned belowd) cold rolled (CR); (2) CR, 430°C and  €NON holds good. Previous experiments already confirm the
7.0 h:(3) CR, 430°C and 18.0 h. existence of minimum time below which scaling phenom-

enon does not hold good. The possibility exists that in the
rowed down, indicated by the estimatbdvalues listed in ~Present investigation, the aging times are beyond the left-
Table II, with increase in aging time for both the tempera-hand boundary of the time window. Some more experimen-
tures. tation are to be carried out to investigate the validity of scal-

It is known that a cold-worked material gives pseddo®®  Ing phenomenon at the very late stages of phase separation
small-angle scattering arising due to double-Bragg reflec&nd also to investigate the existence of the aforementioned
tions. After annealing the specimens, we have investigateime window. Of course, the extremum limits of the time
four cold-worked specimens with different aging treatmentsWindow will depend upon the diffusion constants of the rel-
namely,(1) no further aging(2) 510°C for 1 h,(3) 430°C ~ €vant atomic species in the matrix.
for 7 h and(4) 430°C for 18 h. The distinct observations From TEM experiments with specimens aged at 430 °C,
from the specimens aged in the cold-worked condition visthe phase separation is attributed to the formation phase
avis similarly aged specimens without cold work are thethrough an instability in the bce matrix. At 510 °C, the phase
following: The size distribution of the precipitates are shiftedSeparation  is  attributed to the formation  of
towards higher size as if cold work facilitates the growth of Nis(Ti, Mo) (DO, structure through the process of nucle-
the precipitates. The distributions are narrower indicatingdtion and growth. The system appears to follow two different
more well defined precipitate size, and spatial correlation igime-temperature-transformation curves. The present study
significantly stronger indicating strong positional correlationWill contribute significantly in understanding the phase evo-
of the precipitates enforced by the cold work. It appears thalution processes in maraging steels and in designing suitable
the mechanical process of cold rolling is providing, at leasthermomechanical treatments for improving its mechanical
partially, the activation energy required for the precipitationProperties.
phenomena. The above observations are in accord with the
TEM investigatiori® of Ti-Nb alloy indicating strong posi- ACKNOWLEDGMENTS
tional correlation ofw particles because of the development
of the texture due to cold work and faster growth kineticsF,h
brought about by increased dislocation density induced b)ér
cold work.
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