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STUDIES OF CONCENTRATION AND TEMPERATUREDEPENDENCES OF PRECIPITATION KINETICSIN IRON�COPPER ALLOYS USING KINETIC MONTE CARLOAND STOCHASTIC STATISTICAL SIMULATIONSK. Yu. Khromov, V. G. Vaks *, I. A. ZhuravlevNational Resear
h Center �Kur
hatov Institute�123182, Mos
ow, RussiaMos
ow Institute of Physi
s and Te
hnology141700, Mos
ow, RussiaRe
eived June 13, 2012The previously developed ab initio model and the kineti
 Monte Carlo method (KMCM) are used to simu-late pre
ipitation in a number of iron�
opper alloys with di�erent 
opper 
on
entrations x and temperaturesT . The same simulations are also made using an improved version of the previously suggested sto
hasti
 sta-tisti
al method (SSM). The results obtained enable us to make a number of general 
on
lusions about thedependen
es of the de
omposition kineti
s in Fe�Cu alloys on x and T . We also show that the SSM usuallydes
ribes the pre
ipitation kineti
s in good agreement with the KMCM, and using the SSM in 
onjun
tion withthe KMCM allows extending the KMC simulations to the longer evolution times. The results of simulationsseem to agree with available experimental data for Fe�Cu alloys within statisti
al errors of simulations and thes
atter of experimental results. Comparison of simulation results with experiments for some multi
omponentFe�Cu-based alloys allows making 
ertain 
on
lusions about the in�uen
e of alloying elements in these alloyson the pre
ipitation kineti
s at di�erent stages of evolution.DOI: 10.7868/S00444510130200771. INTRODUCTIONStudies of the 
omposition and temperature depen-den
es of the pre
ipitation kineti
s in alloys, in parti
-ular, in the multi
omponent Fe�Cu-based steels usedin many industrial appli
ations, attra
t great atten-tion [1�11℄. For su
h studies, it seems to be useful tohave a reliable information about similar dependen
esfor simpler, binary alloys treated as referen
e systems.For example, dis
ussing the pre
ipitation kineti
s intwo Fe�Cu-based steels, NUCu-140 and NUCu-170, theauthors of [5, 6℄ 
ompared their experimental resultswith those for several Fe�xCu binaries with x between1.34 and 1.5 at.%, while the two steels 
onsidered hadnotably di�erent 
ontent of 
opper, 1.17 and 1.82%, re-spe
tively. Be
ause many 
hara
teristi
s of nu
leationand growth, in parti
ular, sizes and density of pre
ipi-*E-mail: vaks�mbslab.kiae.ru

tates, strongly vary with x = xCu, su
h a 
omparison isnot ne
essarily 
orre
t. The pre
ipitation 
hara
teris-ti
s 
an also signi�
antly depend on temperature, whilemeasurements of su
h dependen
es, for the nu
leationstage in parti
ular, often meet di�
ulties [5, 6℄.To obtain quantitative information about the pre-
ipitation kineti
s, parti
ularly in the 
ourse of nu
le-ation and growth, one 
an use simulations of these pro-
esses, if both the mi
ros
opi
 model and the simula-tion methods 
an be 
onsidered reliable. For the Fe�Cualloys, su
h a reliable ab initio model has been devel-oped by Soisson and Fu [9℄, and their detailed kineti
Monte Carlo simulations of nu
leation and growth inthe Fe�1.34Cu alloy at T = 773 K revealed good agree-ment with the available experimental data.The �rst aim of this work is therefore to use themodel and the kineti
 Monte Carlo method (KMCM)developed in [9℄ to study the 
on
entration and tem-perature dependen
es of the pre
ipitation kineti
s inbinary Fe�Cu alloys for several 
opper 
on
entrations271
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luding those used in [5, 6℄for the NUCu steels. Comparing results of these sim-ulations to the available experimental data allows as-sessing the reliability of Soisson and Fu's model at dif-ferent x and T and also dis
ussing the di�eren
es inthe pre
ipitation kineti
s between the Fe�xCu binariesand multi
omponent Fe�Cu-based alloys with the samex = xCu and T .The se
ond aim of this work is to dis
uss possi-ble appli
ations of the previously suggested sto
hasti
statisti
al method (SSM) [13℄ for simulations of pre-
ipitation kineti
s in those 
ases where the KMCM en-
ounters di�
ulties. Su
h di�
ulties arise, for exam-ple, in treating the 
oarsening stage or at relatively lowtemperatures T . 300 ÆC (typi
al for servi
e of manynu
lear rea
tors) when the KMC simulations be
ometime 
onsuming [9, 10℄. Unlike the KMCM, the SSMallows parallelizing 
omputer 
odes, whi
h 
an greatlya

elerate 
omputations, and this method seems to bealso suitable for various generalizations, for example,for 
onsiderations of latti
e mis�t e�e
ts. However, intreatments of nu
leation, some oversimpli�ed modelswere used in Ref. [13℄, whi
h resulted in some �
ti-tious breaks in the simulated temporal dependen
es. Inthis work, we des
ribe an improved version of the SSM,whi
h is free from these short
omings, and show thatthis version des
ribes the main 
hara
teristi
s of nu
le-ation, in
luding the density and sizes of pre
ipitates, ingood agreement with the KMCM. We also show thatusing the SSM in 
onjun
tion with the KMCM allowsextending the KMC simulations to the �rst stages of
oarsening.In Se
. 2, we brie�y dis
uss the model, the alloystates, and the methods used in our simulations. InSe
. 3, we des
ribe the improved version of the SSM.The results of our simulations are dis
ussed and 
om-pared with the available experimental data in Se
. 4.The main 
on
lusions are given in Se
. 5.2. MODELS AND METHODS OFSIMULATIONSFor our simulations, we use the ab initio modelof Fe�Cu alloys developed by Soisson and Fu and de-s
ribed in detail in Refs. [9, 10, 13℄. Here, we only notethat this model uses the following values of the bindingenergy between two 
opper atoms and between a 
op-per atom and a va
an
y, EbnCuCu and EbnCuv , for the nthnearest neighbors (in eV):

Eb1CuCu = 0:121� 0:182T;Eb2CuCu = 0:021� 0:091T;Eb1Cuv = 0:126; Eb2Cuv = 0:139: (1)The high values ofEbnCuCu 
orrespond to the strong ther-modynami
 driving for
e for pre
ipitation, while thestrong attra
tion of a va
an
y to 
opper atoms resultsin strong va
an
y trapping by 
opper pre
ipitates, dis-
ussed in detail in [9℄.The alloy states (below, states for brevity) used inour simulations are listed in Table 1. The degree of su-persaturation for ea
h of these states is 
hara
terizedby the redu
ed supersaturation parameter s introdu
edin Refs. [13, 14℄:s(x; T ) = [x� xb(T )℄=[xs(T )� xb(T )℄; (2)where the subs
ript s or b 
orresponds to a spinodal ora binodal. Values s < 1 
orrespond to the nu
leationand growth evolution type, and s > 1, to spinodal de-
omposition.The states A and C in Table 1 have the same tem-perature T and the 
opper 
ontent x as the steelsNUCu-140 and NUCu-170 studied in [5, 6℄. For thestates B and G, kineti
s of pre
ipitation under ther-mal aging was investigated experimentally in [1�3; 7℄,while for the state F , pre
ipitation under neutron ir-radiation was studied in [4℄. For the states D and E,experimental data about the pre
ipitation kineti
s arenot known to us, and our simulations are made to studyits temperature dependen
e.In Table 1, we also present some parameters of the�thermodynami
� 
riti
al embryos for the states 
onsid-ered: the nu
leation barrier F
, the total number N th
of 
opper atoms within an embryo, and the 
riti
al ra-dius Rth
 de�ned as the radius of the sphere having thesame volume as N th
 
opper atoms in the BCC latti
eof �-iron with the latti
e 
onstant a = 0:288 nm:Rth
 = a(3N th
 =8�)1=3 = 0:142 (N th
 )1=3 nm: (3)The 
hara
teristi
s of 
riti
al embryos shown in Table 1and Fig. 1 are 
al
ulated by the statisti
al method ofDobretsov and Vaks [14℄ with the use of the ab initiomodel by Soisson and Fu [9℄ and the pair 
luster ap-proximation, whi
h is typi
ally highly a

urate, parti
-ularly for dilute alloys, as both analyti
 studies [15℄ and
omparisons with Monte Carlo simulations [16℄ show.Table 1 and Fig. 1 illustrate, in parti
ular, a de
reasein the nu
leation barrier F
 and the embryo size N th
as the supersaturation s in
reases. Table 1 also showsthat for a given supersaturation s, de
reasing the tem-perature T a�e
ts the 
riti
al embryo 
hara
teristi
s272
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entration and temperature : : :Table 1. The Fe�xCu alloy states 
onsidered and parameters of �thermodynami
� 
riti
al embryos for these states
al
ulated by the method in Ref. [14℄Alloy state T , K x, at.% s F
=T N th
 Rth
 , nmA 773 1.17 0.247 5.58 15.4 0.353B 773 1.34 0.285 4.38 14.3 0.344C 773 1.82 0.393 2.30 12.2 0.326D 713 1.34 0.352 2.47 10.7 0.312E 663 1.34 0.425 1.36 8.2 0.286F 561 0.78 0.387 1.11 5.3 0.247G 873 1.15 0.163 12.6 28.3 0.433
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Fig. 1. Con
entration pro�les �
(R) = 
(R) � x inthermodynami
 
riti
al embryos for the alloy states
onsidered, where 
(R) = 
Cu(r) is the mean 
opper
on
entration at the distan
e R from the embryo 
enterstronger than in
reasing the 
on
entration x [13℄. Asdis
ussed below, the N th
 and Rth
 values presented inTable 1 are usually 
lose to those estimated in KMCsimulations and in experiments.The methods of both KMC and SSM simulationsused in this work are des
ribed in detail in Refs. [9, 13℄.Here, we only mention some details of 
omputations.For both the KMC and the SSM simulations, we typ-i
ally used the simulation volume Vs = (64a)3; for thestate G with low supersaturation, we used the largervalue Vs = (128a)3. In our KMC simulations, we usu-ally followed NKMCs � 1013 Monte Carlo steps, whi
h

at Vs = (64a)3 took about �ve months on a standardworkstation. The SSM simulations for Vs = (64a)3took usually about a month on a standard workstation(with no parallelization of 
odes made).3. IMPROVEMENTS OF STOCHASTICSTATISTICAL METHODThe original version of the SSM is des
ribed inRef. [13℄. To explain its improvements made in thiswork, we �rst present the ne
essary relations from [13℄.Evolution of a binary alloy is des
ribed by a sto
hasti
kineti
 equation written in a �nite-di�eren
e form fora short time interval Æt:Æ
i � 
i(t+ Æt)� 
i(t) = Æ
di + Xjnn(i) Ænfij ; (4)where 
i is the o

upation of site i by the minority(
opper) atoms averaged over some lo
ally equilibratedvi
inity of this site, and the �di�usional� term Æ
di 
or-responds to the average atomi
 transfer for a 
ertaine�e
tive dire
t atomi
 ex
hange (DAE) model:Æ
di f
kg = Xjnn(i)Mij2 sh �(�j � �i)2 Æt: (5)Here, �i is the lo
al 
hemi
al potential of site i givenby Eq. (20) in [13℄, andMij is the generalized mobility:Mij = 
eff�h bhij exp �(�i + �j)2 : (6)The fa
tor bhij in (6) is some fun
tion of lo
al 
on
en-trations 
i, given by Eq. (33) in [13℄, while 
eff�h is ane�e
tive rate of ex
hanges between neighboring minor-ity and host atoms, � and h (
opper and iron), whi
his proportional to the produ
t of the analogous rates5 ÆÝÒÔ, âûï. 2 273
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�v and 
hv respe
tively des
ribing ex
hanges betweena va
an
y and an atom � and between a va
an
y andan atom h: 
eff�h = 
�v
hv�(t): (7)Here, the fun
tion �(t) de�ned in Eq. (36) in [13℄ de-termines the �time res
aling� between the original va-
an
y-mediated ex
hange model and the e�e
tive DAEmodel used for simulations. The temporal evolution ofthis DAE model is des
ribed by the �redu
ed time� trhaving the meaning of the mean number of atomi
 ex-
hanges � � h for the physi
al time t. The redu
edtime tr is related to this time t by the following di�er-ential or integral relations:dtr = 
eff�h dt; 
eff�h = 
�v
hv�(t);t = trZ0 dt0r
eff�h (t0r) : (8)The form of the fun
tion t(tr) is dis
ussed below. Asmentioned in Ref. [18℄, Eqs. (4)�(8) 
an be derivednot only for a simpli�ed �quasi-equilibrium� model usedin [13℄, whi
h disregards renormalizations of the e�e
-tive intera
tions in a nonequilibrium alloy (whose im-portan
e for the di�usion kineti
s was noted in [19℄),but also with these renormalizations taken into a
-
ount.The last term Ænfij in Eq. (4) is a �u
tuative atomi
transfer through the bond ij des
ribed by the Lange-vin-noise-type method: ea
h Ænfij is treated as a ran-dom quantity with the Gaussian probability distribu-tion W (Ænfij) = Aij exp h(�Ænfij)2=2Diji ; (9)where Aij is the normalization 
onstant. The disper-sion Dij is related to the mobility Mij and the timeinterval Æt in Eq. (5) by the ��u
tuation�dissipation�-type relation Dij = h(Ænfij)2i = 2Mij Æt: (10)As dis
ussed in detail in [13℄, for the nonequilibriumstatisti
al systems under 
onsideration, Langevin-noi-se-type equations (4)�(10) should be supplemented by a�noise �ltration� pro
edure eliminating the short-wave
ontributions to �u
tuations Ænfij , be
ause these 
ontri-butions are already in
luded in the di�usional term Æ
diobtained by statisti
al averaging over these short-wave�u
tuations. Therefore, in the last term in Eq. (4), thefull �u
tuative transfer Ænfij should be repla
ed by itslong-wave part Ænf
ij . This 
an be done by introdu
ing

a proper 
ut-o� fa
tor F
(k) in the Fourier 
omponentÆnf�(k) of the full �u
tuation Ænfij � Ænf�(Rs�), whereRs� denotes the position of the ij bond 
enter in theappropriate 
rystal sublatti
e � formed by these 
en-ters [12℄:Ænfij ! Ænf
(Rs�) ==Xk exp(�ik �Rs�) Ænf (k)F
(k);Ænf (k) = 1N XRs� exp(ik �Rs) Ænf (Rs�); (11)where N is the total number of latti
e sites (or atoms)in the 
rystal. The 
ut-o� fa
tor F
(k) for the BCClatti
e 
an be taken in a Gaussian-like form:FBCC
 (k) == exp ��4g2(1� 
os'1 
os'2 
os'3)� ; (12)where '� = k�a=2, k� is the ve
tor k 
omponent alongthe main 
rystal axis �, and a is the BCC latti
e 
on-stant. At g2 � 1, expression (12) redu
es to the Gaus-sian exp(�k2l2=2) with l = ga. Therefore, the redu
edlength g = l=a 
hara
terizes the mean size of lo
allyequilibrated subsystems.This size, generally, varies with the aging time tor tr. In parti
ular, after 
reation of a super
riti
alpre
ipitate, the degree of lo
al equilibrium in the ad-ja
ent region should in
rease 
ompared with other re-gions where su
h pre
ipitates are not yet born. There-fore, after the 
ompletion of nu
leation at some redu
edtime trN (whi
h 
an be estimated as the time for whi
hthe density of pre
ipitates rea
hes its maximum), thealloy should rapidly approa
h a two-phase equilibrium,and the length l = ga should be
ome large, whi
hshould lead to a sharp de
rease in the �u
tuative termsÆnf = Ænf
 in Eqs. (11) and (4).To des
ribe this physi
al pi
ture with the mini-mal number of model parameters, the time dependen
eg(tr) was approximated in [13℄ by a simple one-para-meter expression (71) with a break at tr = trN . Here,we use a smooth two-parametri
 expression for g(tr),g(tr) = g0(1 + t2r=t20); (13)where g0 and t0 have the respe
tive order of magnitudeof the redu
ed 
riti
al radius R
=a and the redu
ed nu-
leation time trN .To estimate the values g0 and t0 within the SSM, we
an use the �maximum thermodynami
 gain� prin
ipledis
ussed in detail in [13℄: we suppose that the �mostrealisti
� values of these parameters 
orrespond to the274
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Fig. 2. a) Evolution of the free energy per 
opper atom,F (tr), and b ) the density dp(tr) of super
riti
al pre-
ipitates or their total number Np(tr) within the simu-lation volume Vs = (64a)3, obtained for the state A inthe SSM simulations with di�erent g0 and t0. Curves1, 2, and 3 
orrespond to t0 = 40 and g0 = 1:4, 1.35,and 1.45, respe
tively. Curves 4 and 5 
orrespond tog0 = 1:4 and t0 = 50 and 30, respe
tively. Thin verti-
al line 
orresponds to trN = 18minimum of the free energy of an alloy after the 
om-pletion of nu
leation. In Fig. 2, to illustrate this vari-ational method for estimating g0 and t0, we presentthe SSM-simulated temporal dependen
es of the freeenergy per 
opper atom for the state A in Table 1 atseveral g0 and t0 
lose to their �optimal� values. Thefree energy F = F (
i) was 
al
ulated in a

ordan
ewith Eq. (24) in [13℄ with the simulated 
i = 
i(tr) de-penden
es. For simpli
ity, the initial state was takenuniform: 
i(0) = 
 = 
onst, and hen
e the initial in-
rease of F at tr . 0:3trN seen in Fig. 2a is related just

Table 2. The parameters g0 and t0 in (13), the re-du
ed nu
leation time trN , and the maximum pre
i-pitate density dmax (in 1024 m�3) for the alloy states
onsideredAlloy state g0 t0 trN dSSMmax dKMCmaxA 1.4 40 � 20 3.4 4.0B 1.4 30 � 20 5.4, 5.8 6.1C 1.45 20 � 10 14.9 14.2D 1.4 10 � 10 9.7 10.1E 1.6 10 � 10 13.6 11.2F 1.6 5 � 5 9.9 8to swit
hing on the �u
tuations at tr = 0. Figure 2ashows that the in�uen
e of this spurious in
rease inF 
eases only at tr & 2trN , while at too long timestr & 4trN , the �u
tuations are e�e
tively swit
hed o�a

ording to Eqs. (11)�(13). Therefore, to estimate theparameters g0 and t0, we usually 
onsider the interval2trN & tr & 4trN . For most of the states 
onsidered,the free energy F (tr) has a distin
t minimum with re-spe
t to g0 and t0 there, as is illustrated by Fig. 2a.Figure 2b illustrates the sensitivity of the pre
ipitatedensity dp to the 
hoi
e of g0 and t0. The resultings
atter in simulated dp(tr) usually lies within the sta-tisti
al errors of simulations.In Table 2, we present the values of g0 and t0 in(13) estimated as des
ribed above. For the state G, thesimulations are time 
onsuming, and therefore su
h es-timates have not been made in this work. To assess thevalidity of our SSM simulations, in the two last 
olumnsof Table 2, we 
ompare the values of the maximum den-sity dmax of super
riti
al pre
ipitates obtained in theSSM simulations with those obtained in the KMC sim-ulations. For the state B in Table 2, two values dSSMmax
orrespond to the two simulations (shown in Fig. 6 be-low) with di�erent random number sets. We see thatthe SSM and the KMC results for dmax agree withinthe statisti
al errors of simulations.The pre
ipitation kineti
s is usually 
hara
terizedby the density and the mean radius of super
riti
al pre-
ipitates, dp(t) and R(t), de�ned by the relationsdp(t) =Xk �k(t)=Vs;R(t) =Xk �k(t)Rk.Xk �k(t): (14)Here, �k(t) is the number of 
lusters 
ontaining k 
op-275 5*



K. Yu. Khromov, V. G. Vaks, I. A. Zhuravlev ÆÝÒÔ, òîì 143, âûï. 2, 2013per atoms, Vs is the simulation volume, Rk is de�nedsimilarly to Eq. (3), Rk = a(3k=8�)1=3, and the sumsover k in (14) in
lude only 
lusters with k � N
, whereN
 is the �
riti
al� size 
hosen. As dis
ussed in [9, 13℄and below, the exa
t 
hoi
e of this size (if reasonable)usually does not signi�
antly a�e
t the dp(t) and R(t)values in (14). Therefore, we take N
 
lose to its �ther-modynami
� value N th
 in Table 1, setting N
 = 15,15, 12, 11, 8, 5, and 28 
opper atoms for the respe
tivestate A, B, C, D, E, F , and G. The temporal de-penden
es dp(tr) and R(tr) obtained in our SSM sim-ulations with su
h N
 are illustrated in Fig. 3 for thestate A; for the other states 
onsidered, these depen-den
es are similar. Figure 3 illustrates the sequen
eof four well-de�ned stages of pre
ipitation a

epted inthe 
lassi
al theory of nu
leation (see, e. g., [20℄): in-
ubation, nu
leation, growth, and 
oarsening, as wellas the presen
e of an �intermediate� stage betweengrowth, and 
oarsening (seen also in the simulationsin [20℄ and dis
ussed in detail in [21℄), whi
h 
orre-sponds to the beginning of Ostwald ripening when thebigger pre
ipitates already start to grow due to dis-solving the smaller ones, but the latter do not disap-pear yet. For brevity, this intermediate stage is 
alled�pre-
oarsening� in what follows.We now dis
uss the �time res
aling� fun
tion t(tr)in Eq. (8) determined by the temporal dependen
e ofthe e�e
tive dire
t ex
hange rate 
eff�h = 
effCuFe(tr). Forsimpli
ity, this dependen
e was approximated in [13℄ bya simple two-parameter expression (77), whi
h in
ludedsharp breaks at some tr. Better interpolations for t(tr)
an be obtained from the 
omparison of the SSM andthe KMC results for the density and the mean size ofpre
ipitates, that is, from an approximate solution oftwo equations:dKMCp (t) = dSSMp (tr); RKMC(t) = RSSM (tr): (15)Our estimates of the fun
tions t(tr) for whi
h bothequations (15) are satis�ed with a reasonable a

ura
yshowed that for all alloy states 
onsidered, these fun
-tions have a similar shape 
hara
terized by the presen
eof four intervals of tr with an approximately 
onstantvalue of the derivative D = d ln t=d ln tr / 1=
effCuFewithin ea
h interval. These four intervals are deter-mined by the inequalities(1) tr < tr1; (2) tr1 < tr < tr2;(3) tr2 < tr < tr3; (4) tr3 < tr; (16)where the respe
tive point tr1, tr2, or tr3 approximatelyseparates the stages of nu
leation and growth, growthand pre-
oarsening, or pre-
oarsening and 
oarsening,

tr1 tr2 tr3 502010521
1025
1024
10232:01:51:00:50100 101 102 103 104 105trb

a
in
ubation nu
leation growth 
oarsening

Np

R;nm

d p;m�3

Fig. 3. a) Evolution of the density of pre
ipitates,dp(tr), and b ) their mean radius R(tr) obtained in theSSM simulations for the state A in Table 1. Dotted ver-ti
al lines 
orrespond to the values tri in Eqs. (16)as is illustrated by Fig. 3. Therefore, within ea
h in-terval (i), we use a simple power-law interpolationt = AitDir (17)with the values of parameters tri, Di, and Ai given inTable 3. For the state F with the relatively low tem-perature T = 561 K, our KMC simulations (illustratedin Fig. 11 below) are time 
onsuming and rea
h onlythe growth stage, and hen
e interpolation (17) has notbeen 
onstru
ted for this state.The fun
tions t(tr) obtained are shown in Fig. 4.To 
ompare the pre
ipitation parameters at di�erenttemperatures T for whi
h the equilibrium va
an
y 
on-
entration 
eqv (T ) 
an be very di�erent, in Fig. 4 we usethe �s
aled� time ts(tr) de�ned asts(tr) = t(tr) 
eqv (T )=
eqv (773K); (18)276
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entration and temperature : : :Table 3. Values of the parameters tri, Di and Ai (in hours) in (16) and (17)Alloy state tr1 tr2 tr3 D1 D2 D3 D4 A1 A2 A3 A4A 18 506 5500 0.7 0.23 0.04 0.3 0.061 0.24 0.77 0.08B 7.4 192 7240 1.1 0.33 0.11 0.4 0.021 0.097 0.30 0.023C 2.9 70 3000 1.85 0.23 0.12 0.35 0.013 0.071 0.11 0.018D 5 60 2300 1 0.23 0.08 0.27 0.027 0.14 0.26 0.026E 3.2 60 2200 1.5 0.19 0.08 0.3 0.015 0.16 0.25 0.012
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Fig. 4. The s
aled physi
al time ts(tr) de�ned byEqs. (17) and (18) versus the redu
ed time tr. Ea
h
urve 
orresponds to the alloy state indi
ated by a sym-bol near this 
urveto 
an
el the standard s
aling fa
tor 1=
eqv in the tsvalue. For the 
eqv (T ), we use Soisson and Fu's esti-mate [9℄
eqv (T ) = exp (�"forv =T ); "forv = 2:18 eV: (19)The SSM values dSSMp (t) and RSSM (t) found usingEqs. (17) and Table 3 are 
ompared with the appro-priate KMC results in Figs. 5�10. We note that inter-polation (17) in
ludes some minor breaks at the pointstr = tri, whi
h are seen in Fig. 4. These breaks 
anbe removed by introdu
ing some smooth mat
hing oftwo lines (17) adja
ent to ea
h point tri, whi
h alsoleads to a better agreement between the SSM and theKMC results in Figs. 5�10. But in this work, to avoidintrodu
ing too many interpolation parameters, we usethe simpler interpolation (17), whi
h seems to providea su�
iently ni
e des
ription of pre
ipitation.As dis
ussed in Ref. [13℄, the signi�
ant 
hanges ofderivatives Di � 1=�
effCuFe�i between di�erent intervals

i seen in Fig. 4 
an be related to the strong va
an
ytrapping by 
opper pre
ipitates and to the 
hanges inthe s
ale of this trapping in the 
ourse of pre
ipitation.In parti
ular, the relatively low values of the deriva-tives D3 at the pre-
oarsening stage 
an be related tothe strong va
an
y trapping for this stage (illustratedin Fig. 6a in [9℄) whi
h should result in a sharp in-
rease in the e�e
tive rate 
effCuFe in Eq. (8) [13℄. We alsonote the similarity of the 
urves ts(tr) for di�erent alloystates in Fig. 4, as well as rather smooth variations ofthe parameters Di and Ai in Table 3 under 
hanges ofthe 
on
entration x and temperature T 
orrespondingto these di�erent states. This seems to re�e
t a greatsimilarity of the va
an
y trapping e�e
ts within ea
hinterval i for the di�erent alloy states. This similarity
an be used for various SSM-based extrapolations ofKMC simulations, in parti
ular, for SSM-based simu-lations of pre
ipitation in Fe�Cu alloys at most di�er-ent 
on
entrations x and temperatures T with the usefor the parameters tri, Di and Ai in (16) and (17) ofsome interpolations between their values presented inTable 3. This similarity is also used for extrapolationsof the KMC simulations to the �rst stages of 
oarseningdis
ussed below.To 
on
lude this se
tion, we note that the simpli-�ed treatment of �u
tuations based on Eqs. (9)�(13)
an properly des
ribe nu
leation and growth only whenthese two pro
esses are su�
iently separated from ea
hother, su
h that swit
hing o� �u
tuations after the
ompletion of nu
leation, as is implied by Eq. (13), 
anbe justi�ed. Figures 5�10 show that this 
ondition ismore or less satis�ed for the �rst �ve states in Table 1.At the same time, for states F and G, that is, at lowtemperatures T . 300ÆC or at low supersaturationss . 0:2, the nu
leation, growth, and pre-
oarseningstages overlap very strongly, as Figs. 11, 12 and 17show, and the simple model in Eqs. (9)�(13) implyingthe type of evolution shown in Fig. 3 
an hardly beappli
able. Therefore, for states F and G, only KMCsimulations are presented in this paper. Further re-277
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ipitates dp(t)(top �gure), and their mean radius R(t) (bottom �g-ure) obtained in our simulations for the state A withx = 1:17 (in at.%, here and below), T = 773 K for the
riti
al size of N
 = 15 
opper atoms. The right s
aleshows the number of pre
ipitates within the simulationvolume Vs = (64a)3. Solid 
urves 
orrespond to theKMCM and dashed 
urves to the SSM. Points showexperimental data in [6℄ for the multi
omponent steelNUCu-140 with the same xCu = 1:17 and T = 773 Kfor N
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urves 
orrespond to the two SSM simulations withdi�erent random number sets. Symbols 
orrespond toexperimental data for state B: 
ir
les, [1℄; triangles,[2℄; and rhombi, [3℄Fe�Cu-based alloys are presented in Figs. 5�17. Fi-gures 5�12 show the temporal evolution of the densityand the mean radius of pre
ipitates, dp(t) and R(t).We note that for the state F in Fig. 11, this evolutionis des
ribed in terms of the s
aled time ts de�ned byEq. (18) (with the repla
ement tr ! t), be
ause theequilibrium va
an
y 
on
entration 
eqv (T ) at the lowtemperature T = 561 K 
onsidered there is negligiblysmall, while a
tually (in parti
ular, in the experimentsin [4℄), the pre
ipitation at su
h a low T o

urs only inirradiated materials where the va
an
ies (together withthe interstitial atoms) are formed due to irradiation.Figures 13�16 illustrate the 
on
entration and tem-perature dependen
es of the maximum pre
ipitate den-278
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 = 10. The thi
k solid line 
or-responds to the same KMC simulation as that shownin Fig. 6 by the thi
k line for N
 = 15sity dmaxp = dmax and of some temporal 
hara
teristi
sof pre
ipitation, tmax, t
 and t
;0:1, de�ned by the re-lations dp(tmax) = dmax; (20)t
 = t(tr3); (21)dp(t
;0:1) = 0:1dmax; (22)where the redu
ed time tr3 and the fun
tion t(tr) in(21) are the same as in (16) and (17). The time tmaxusually 
orresponds to the 
ompletion of nu
leation orthe beginning of growth; the time t
 approximately
orresponds to the onset of 
oarsening, and t
;0:1 
an
hara
terize the time of 
ompletion of the �rst stage
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Fig. 8. The same as in Fig. 5 but for the state C withx = 1:82 and T = 773 K for N
 = 12. Points show theexperimental data in [5, 6℄ for the multi
omponent steelNUCu-170 with the same xCu = 1:82 and T = 773 Kfor N
 = 11of 
oarsening and the beginning of its more advan
edstages. In what follows, for brevity, tmax is 
alled the�nu
leation time� and t
;0:1, the �advan
ed 
oarseningtime�. In Figs. 13�16, we also present the experimen-tal estimates of tmax and t
;0:1, but not of t
, be
ausesu
h estimates are usually not reliable for the onset of
oarsening.Figure 17 illustrates temporal evolution of the pre-
ipitate size distributions observed in our simulations.In the 
aption to this �gure, we use the times tN;�and t
;� de�ned similarly to the �nu
leation time� tmaxand the �advan
ed 
oarsening time� t
;0:1 in Eqs. (20)and (22): dp(tN;�) = �dmax; tN;� < tmax; (23)279
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 = 11dp(t
;�) = �dmax; t
;� > tmax; (24)where the number � is less than unity. The times tN;�qualitatively 
orrespond to the nu
leation stage andt
;�, to the 
oarsening stage.We dis
uss the results presented in Figs. 5�17.First, Figs. 5�12 and 17 show that the above-mentionedstrong attra
tion between a va
an
y and a 
opper atomleads to a great di�eren
e in the pre
ipitation kineti
sbetween iron�
opper alloys and alloys with no su
hattra
tion, su
h as the alloys des
ribed by simpli�edmodels with the time-independent e�e
tive dire
t ex-
hange rates 
eff�h in (8), for whi
h this kineti
s is illus-trated in Fig. 3, or the models with a relatively weakva
an
y�minority-atom intera
tion for whi
h this ki-neti
s is illustrated by Fig. 1 in [20℄ or Fig. 4 in [21℄.For su
h simpli�ed models, the presen
e of �ve well-de-
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Fig. 10. The same as in Fig. 5 but for the state E withx = 1:34 and T = 663 K for N
 = 8�ned stages of evolution shown in Fig. 3 is 
hara
te-risti
, in
luding the distin
t pre-
oarsening stage men-tioned above. On the 
ontrary, in Figs. 5�12, su
han intermediate pre-
oarsening stage is not seen, the�pure nu
leation� and �pure growth� stages are rela-tively short (if exist at all), and the nu
leation, growth,and pre-
oarsening stages signi�
antly overlap withea
h other. This is also illustrated by the size distribu-tion fun
tions �k(t) in Fig. 17, whi
h seem to imply thatthe nu
leation, growth and pre-
oarsening pro
esses at0:5tmax . t . tmax o

ur simultaneously. As dis
ussedin [13℄, these kineti
 features seem to be mainly relatedto the strong va
an
y trapping by 
opper pre
ipitates,whi
h leads to a large a

eleration of both the growthand the Ostwald ripening pro
esses 
ompared with thealloys with no su
h trapping.Figures 5�10 also show that for the �rst �ve alloystates in Table 1, the simpli�ed dire
t-atomi
-ex
hange280
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 = 5model in Eqs. (4)�(12), using the above-mentionedmaximum thermodynami
 gain prin
iple and the sim-ple interpolation (17), des
ribes the pre
ipitation ki-neti
s in good agreement with the KMCM. Dis
rep-an
ies between the SSM and the KMCM results areusually within statisti
al errors of simulations, andthese dis
repan
ies 
an be redu
ed even stronger if thesmoothed interpolations mentioned above are used in-stead of simpler expressions (17).Figures 5, 6, and 8�10 also illustrate the opportuni-ties to use the SSM to extrapolate the KMC simulationsto longer evolution times. As mentioned, the KMCsimulations of 
oarsening are time 
onsuming, unlikethe SSM simulations. At the same time, the above-de-s
ribed 
onsiderations about the physi
al nature ofthe �time res
aling� fun
tion t(tr) in (17) allow expe
-ting that this fun
tion preserves its shape for the �rst
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102050
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t; hoursFig. 12. The same as in Fig. 5 but for the state G withx = 1:15, T = 873 K for N
 = 28. Solid symbolsshow experimental data in [7℄ for the following alloysaged at T = 873 K: 
ir
les, binary Fe�1.15Cu; squares,ternary Fe�1.14Cu�0.99Mn. The right s
ale shows thenumber of pre
ipitates, Np, within simulation volumeVs = (128a)3stages of 
oarsening at least up to t � t
;0:1, until thelater, more advan
ed stages of 
oarsening (in
ludingthe asymptoti
 Lifshits�Slyozov�Wagner stage [22, 23℄)start. Therefore, we 
an use the SSM simulated dp(tr)and R(tr) and Eq. (17) to estimate the dp(t) and R(t)values for those t for whi
h the KMC results are notavailable. This is shown in Figs. 5, 6, and 8�10.Figures 6 and 7 also illustrate some methodi
alpoints. Two dashed 
urves in Fig. 6 
orrespond totwo SSM simulations with di�erent random numbersets, and hen
e their di�eren
e illustrates the statisti
als
atter of the SSM simulation results. We see that thiss
atter is signi�
ant only at the very end of simulations281
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Fig. 13. Con
entration dependen
e of the maximumdensity of pre
ipitates dmax for de
omposition ofFe�xCu and Fe�Cu-based alloys at T = 773 K. Opensymbols here and below 
orrespond to our simulationsand solid symbols, to experiments. The solid 
ir
le 
or-responds to the experiments in [2℄ for state B, whilesolid square and solid triangle, to the respe
tive experi-ments in [5, 6℄ for the multi
omponent steel NUCu-140with xCu = 1:17 and NUCu-170 with xCu = 1:82.Dashed lines here and below are drawn to guide theeyewhen the total pre
ipitate number Np be
omes small.Similarly, seven di�erent KMC simulations shown inFig. 7 illustrate the statisti
al s
atter of the KMC sim-ulation results. The e�e
t of the 
hoi
e of the �
riti
al�size N
 in Eqs. (14) on the simulated dp(t) and R(t)values is illustrated in Figs. 6 and 7, whi
h 
orrespondto the same alloy state B but to the di�erent N
, 15and 11 
opper atoms, while the thi
k solid 
urve inboth Fig. 6 and Fig. 7 
orresponds to the same KMCsimulation. We see that the variations of N
 produ
enoti
eable e�e
ts on the simulated dp(t) and R(t) onlyat the �rst stages of nu
leation; later on, su
h e�e
tsbe
ome insigni�
ant.We dis
uss the 
on
entration and temperature de-penden
es of the kineti
 
hara
teristi
s of pre
ipitationpresented in Figs. 13�16. For the maximum pre
ipi-tate density dmax, these dependen
es shown in Figs. 13and 15 are mainly determined by the redu
ed super-saturation s (de�ned in Eq. (2) and Table 1), whi
h
hara
terizes the s
ale of the thermodynami
 drivingfor
e for pre
ipitation. For a given temperature T or

1:0 2:01:81:61:41:2 xCu; %
A B C0:010:1

110
100tmax; t
; t
;10; hours

Fig. 14. Con
entration dependen
e of temporal 
har-a
teristi
s of pre
ipitation: tmax (
ir
les), t
 (trian-gles), and t
;10 (squares), de�ned by Eqs. (20), (21),and (22), at T = 773 K. The solid 
ir
le and the solidsquare at xCu = 1:17 or xCu = 1:82 respe
tively 
or-respond to the data in [5, 6℄ for the steel NUCu-140or NUCu-170, while the solid 
ir
le and solid square atx = 1:34 
orrespond to the data in [1�3℄ for state Ba given 
on
entration x, the dmax value in
reases withs, and at low s . 0:3 or high T & 800 K, this in-
rease is rather sharp. At the same time, Fig. 15 showsthat at not low s & 0:3�0.4 and not high T , the dmaxvalue 
hanges with T more slowly, and at T . 700 K,a further de
rease in temperature makes little e�e
ton dmax. This may imply that the slowing down ofkineti
s due to the strong va
an
y�
opper-atom 
orre-lations dis
ussed below be
omes important for these T .The temporal 
hara
teristi
s of pre
ipitation shown inFigs. 14 and 16b de
rease with in
reasing the super-saturation s, whi
h 
an be explained by an in
rease inthe thermodynami
 driving for
e. At the same time,Fig. 16a shows that at not low s & 0:3 � 0:4 and nothigh T . 750 K, the s
aled times tmaxs , t
s and t
;10s varywith temperature rather weakly. This 
an be explainedby an interplay between an in
rease, with de
reasing T ,of both thermodynami
 driving for
es, whi
h promotethe evolution, and the va
an
y�
opper-atom 
orrela-tions, whi
h redu
e the 
opper di�usivity DCu [9℄ andthereby slow down the evolution.The temporal evolution of the pre
ipitate size dis-tributions �k(t) for alloy states B, F , and G is illus-trated in Fig. 17. For states A and D, this evolution is282
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Fig. 15. Temperature dependen
e of the maximumdensity of pre
ipitates in the 
ourse of de
ompositionof Fe�xCu and Fe�Cu-based alloys. Open 
ir
les 
or-respond to states B, D and E with x = 1:34; opensquare, to state A with x = 1:17; and open triangle, tostate G with x = 1:15. The solid 
ir
le 
orresponds toexperiments in [2℄ for state B with x = 1:34; the solidsquare, to experiments in [6℄ for the steel NUCu-140with xCu = 1:17; and solid triangle, to experimentsin [7℄ for state G with x = 1:15mainly similar to that for state B. First, we see thatthese distributions are usually rather broad, and thesizes of di�erent pre
ipitates are typi
ally very di�er-ent. Therefore, 
hara
terization of these sizes by onlytheir mean value R(t) used in Figs. 5�12 is oversim-pli�ed and in
omplete. This is true not only for the
oarsening stage (for whi
h a great di�eren
e in thepre
ipitate sizes is natural be
ause the bigger pre
ip-itates 
oarsen due to the dissolution of smaller ones)but also for all other stages of pre
ipitation. This 
anbe related to the strong overlapping of the nu
leation,growth, and pre-
oarsening stages mentioned above.The 
omparison of the distributions �k(t) at t == tmax and t = 1:1tmax (that is, of frames B2 andB3 or G2 and G3 in Fig. 17) also illustrates the sig-ni�
ant overlapping of the growth and early 
oarseningstages. We see that the large majority of pre
ipitatesat t = 1:1tmax 
ontinue to grow due to the absorptionof 
opper atoms from the matrix, even though somesmallest pre
ipitates already start to dissolve. Su
ha signi�
ant overlap of the growth and early 
oarsen-

a b
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10100
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tmaxs ; t
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Fig. 16. Temperature dependen
e of the same tempo-ral 
hara
teristi
s of pre
ipitation as those in Fig. 14,but in terms of the s
aled time ts de�ned by Eq. (18):tmaxs (
ir
les), t
s (triangles), and t
;10s (squares). In �g-ure a, the states B, D and E have the same x = 1:34,while solid 
ir
le and solid square 
orrespond to exper-iments [2℄ for the state B with x = 1:34. In �gure b,the state A 
orresponds to x = 1:17; solid 
ir
le andsolid square at T = 773 K 
orrespond to the data [6℄for the steel NUCu-140 with xCu = 1:17; and solid 
ir-
le at T = 873 K 
orresponds to experiments [7℄ forthe state G with x = 1:15ing stages agrees with the observations in [3℄ for theFe�1.34Cu alloys (state B in Table 1), and it was alsonoted in [6℄ for the NUCu steels.Se
ond, the 
omparison of the size distributions�k(t) at t = tmax and t = 1:1tmax also illustrates verysharp variations of these distributions with the evolu-tion time t, in parti
ular, at t 
orresponding to the be-ginning of 
oarsening, whi
h is not 
learly seen in the�averaged� des
ription in Figs. 5�12. Third, Fig. 17shows that the pre
ipitate size distribution �k(t) forstate G with the highest temperature T = 873 K is,generally, mu
h more uniform than �k(t) for state Dwith the lower T = 773 K and 713 K, parti
ularlyfor the early 
oarsening stage, whi
h is illustrated byframes B4 and G4. In parti
ular, in frames B4 andD4, we observe only one very big 
luster with k � 600
opper atoms, numerous small 
lusters with k < 200
opper atoms, and 3 to 4 �middle-size� 
lusters withk � 200�300 atoms (the same features are also observedin �k(t) for states A and D not shown in Fig. 17), in283
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ontrast with frame G4 (as well as G2 and G3),where the 
luster size distribution is rather uniform.This di�eren
e 
an be related to the weakening of theva
an
y�
opper-atom 
orrelations at high T , whi
h 
anenhan
e the 
opper di�usivity DCu and thereby pro-mote the growth of many big pre
ipitates for state Gin 
ontrast to state A, B, and D, but these points needfurther studies. Finally, the lower row in Fig. 17 il-lustrates features of pre
ipitation at low temperaturesT � 300 ÆC when va
an
ies (ne
essary for the atomi
di�usion) are provided by irradiation. Figures F1�F3illustrate a very strong overlapping of the nu
leationgrowth and pre-
oarsening stages, while the 
oarseningstage was not rea
hed in these simulations.We next 
ompare the simulation results with theavailable experimental data. For state B and the KMCsimulations shown in Figs. 6 and 7 by thi
k lines,the detailed 
omparison with various experiments wasgiven in [9℄, with the 
on
lusion that the predi
tionsof simulations are reliable. The results presented inFigs. 6, 7, 14, and 16 
an 
omplement the dis
ussionin [9℄ by two points. First, Figs. 6 and 7 
on�rm thatthe disagreements between simulations and experimen-tal observations seem usually to lie within the statisti-
al errors of simulations and the s
atter of experimentalresults. Se
ond, Figs. 6, 14, and 16 show that the SSM-based extrapolations of KMC simulations for the �rststages of 
oarsening seem to agree with observations aswell.For the state G with x = 1:15 and T = 873 K, oursimulations are 
ompared with the data in [7℄ in Fig. 12.Be
ause the supersaturation s and the pre
ipitate den-sity dp for this state are rather low, these simulationsare time 
onsuming and in
lude only the nu
leationand growth stages, while the data in [7℄ seem to 
orre-spond to longer aging times and have signi�
ant errors.Within those errors, the simulation and experimentalresults in Fig. 12 
an be 
onsidered as agreeing withea
h other, parti
ularly for the maximum pre
ipitatedensity dmax, although the simulated evolution times
an be somewhat shorter than the observed ones. Solidsquares in Fig. 12 
orrespond to a ternary Fe�Cu�Mnalloy and illustrate the e�e
t of the third alloying ele-ment Mn on the pre
ipitation kineti
s. The presen
eof Mn seems to lead to an approximately two-fold in-
rease in the maximum pre
ipitate density dmax withrespe
t to the analogous Fe�Cu binary, in a qualitative
ontrast to the e�e
t of alloying elements on the dmaxvalue in the NUCu steels dis
ussed below.In Figs. 5, 8, and 13�16, we 
ompare the simula-tion results for state A or C with T = 773 K andx = 1:17 or 1.82 to the data in [5, 6℄ for the multi-


omponent steels NUCu-140 and NUCu-170 with thesame T and xCu. In addition to 
opper, these steels
ontain a number of alloying elements: C, Al, Ni, Si,Mn, Nb, P and S, 5.49% on the total in NUCu-140, and5.83% in NUCu-170, while the partial 
on
entrationsof ea
h alloying element in these two steels are very
lose to ea
h other [5, 6℄. Therefore, the di�eren
es inthe pre
ipitation kineti
s for these two steels 
an bemainly related to the di�eren
e in the 
opper 
ontentxCu. Then the 
omparison of these kineti
s for ea
h ofthese steels to that for the analogous binary Fe�xCualloy 
an elu
idate the e�e
t of alloying elements onthe pre
ipitation at di�erent xCu. Qualitatively, theseproblems were dis
ussed in [6℄. Our simulations enableus to 
onsider these points quantitatively. We also notethat the 
riti
al sizes N
 for these two steels estimatedin [5, 6℄, N
 � 11 
opper atoms, are rather 
lose tothe estimates for their binary analogues presented inTable 1: N th
 (A) � 15 and N th
 (C) � 12 
opper atoms.We �rst dis
uss the nu
leation and growth stagesillustrated by Figs. 5 and 8. For the NUCu-140 orNUCu-170 steel, this respe
tively 
orresponds to t .. 1 h and t . 0:25 h, and the maximum pre
ipi-tate density dmax in ea
h steel is lower than in itsbinary analogue by about three times. However, forNUCu-140, both the values and the temporal depen-den
es of dp(t) and R(t) in Fig. 5 seem to not greatlydi�er from those simulated for the Fe�1.17Cu alloy, par-ti
ularly for the nu
leation stage, and the nu
leationtime tmax 
an also be similar. On the 
ontrary, forNUCu-170, the data at t = 0:25 h shown in Fig. 8, par-ti
ularly for the R(t) value, sharply disagree with thosesimulated for the Fe�1.82Cu alloy, while the nu
leationtime tmax ex
eeds that for the Fe�1.82Cu alloy by anorder of magnitude.Therefore, our 
omparison seems to imply that thee�e
t of almost the same 
ontent of alloying elementson the nu
leation kineti
s in NUCu-170 with the higher
opper 
ontent xCu = 1:82 is mu
h stronger and quali-tatively di�erent from that in NUCu-140 with the lowerxCu = 1:17. Physi
ally, this 
on
lusion does not seemto be natural. In this 
onne
tion, we note that this
on
lusion is mainly based on the data for the meanpre
ipitate size in NUCu-170 at t = 0:25 h reportedin [5℄, R � 1:2 nm. This value greatly ex
eeds the 
rit-i
al radius R
 � 0:3 nm estimated for this steel in [5℄,R � 4R
. This should imply that in the 
ourse of thenu
leation stage (supposed in [5℄ for the NUCu-170 att = 0:25 h to explain a steep in
rease in the pre
ipitatedensity dp(t) between t = 0:25 h and t = 1 h, seen inFig. 8), the new-born pre
ipitates grow extremely fast.Su
h a very sharp growth at the early nu
leation stage284
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Fig. 17. Numbers of 
lusters 
ontaining k 
opper atoms, �k(t), observed in our KMC simulations. The �rst, se
ond, andthird and fourth row 
orresponds to the state B, G, and F in Table 1, respe
tively. Frame B1, B2, B3, or B4 
orre-sponds to the time t equal to tN;0:61, tmax, 1:1 tmax = t
;0:94, or t
;0:61; and frame G1, G2, G3, or G4, to tN;0:47, tmax,1:1tmax = t
;0:87, or t
;0:67, respe
tively, where the time tN;�, tmax or t
;� is de�ned by Eq. (23), (20), or (24). Frame F1,F2, or F3 
orresponds to the s
aled time ts equal to tN;0:48s , tN;0:94s , or tmaxs , where the time tN;�s is de�ned by Eq. (23)with repla
ing t!ts, while tmaxs = 1:45 h 
orresponds to the end of our simulations for the state Fseems to be very unusual and, to our knowledge, wasnever observed in either experiments or simulations, asillustrated by Figs. 5�12. Therefore, the data aboutR(t) in NUCu-170 at t = 0:25 h reported in [5℄ shouldpossibly be taken with some 
aution.For the 
oarsening stage, the results presented inFigs. 5, 8, and 14 fully agree with the main 
on
lusionsin [6℄ about a very strong slowing down of 
oarseningin the NUCu steels 
ompared with Fe�Cu binaries. Inparti
ular, the advan
ed 
oarsening time t
;0:1 for ea
hof these steels ex
eeds that for its binary analogue byabout two orders of magnitude. At the same time, thedependen
es of this advan
ed 
oarsening time t
;0:1 onthe 
opper 
ontent xCu for the NUCu steels and fortheir binary analogues shown in Fig. 14 seem to besimilar.The strong slowing down of 
oarsening in a ternaryFe�Cu�Mn alloy 
ompared with its binary analogueFe�Cu was also observed under neutron irradiationin [4℄. On the 
ontrary, the e�e
ts of alloying elements

on the nu
leation and growth kineti
s in Fe�Cu�Mnalloys and in NUCu steels seem to di�er qualitatively:a

ording to Figs. 12 and 13, the dmax value for anFe�Cu�Mn alloy is about twi
e higher, while for ea
hof the NUCu steels, it is about three times lower thanin its binary analogue. Therefore, for the 
oarseningstage, the e�e
ts of alloying elements on the de
om-position kineti
s in the multi
omponent Fe�Cu-basedalloys seem to be mu
h more universal than those forthe earlier stages of pre
ipitation.Su
h a universal slowing down of 
oarsening in themulti
omponent Fe�Cu-based alloys with respe
t totheir binary analogues Fe�Cu 
an be related to a sig-ni�
ant segregation of alloying elements on the surfa
eof pre
ipitates [4�6℄, whi
h 
an redu
e the surfa
e en-ergy and thereby the thermodynami
 driving for
e for
oarsening. It 
an also be related to a weakening of theva
an
y trapping at surfa
es of pre
ipitates due to thissegregation. However, quantitative estimates of thesee�e
ts seem to be absent yet.285



K. Yu. Khromov, V. G. Vaks, I. A. Zhuravlev ÆÝÒÔ, òîì 143, âûï. 2, 20135. CONCLUSIONSWe summarize the main results in this paper. Thepreviously developed ab initio model and both the ki-neti
 Monte Carlo (KMC) and the sto
hasti
 statisti
almethods are used to simulate the pre
ipitation kineti
sfor seven binary Fe�Cu alloys with di�erent 
opper 
on-
entrations x and temperatures T . Comparison of theresults obtained with the available experimental dataand other simulations enable us to make a number of
on
lusions about kineti
 features of pre
ipitation inboth the binary Fe�Cu and the multi
omponent Fe�Cu-based alloys.First, we �nd that due to the strong va
an
y trap-ping by 
opper pre
ipitates, the pre
ipitation kineti
sin iron�
opper alloys for all x and T 
onsidered di�ersnotably from that observed for alloys with no su
h trap-ping: the �pure nu
leation� and �pure growth� stagesare relatively short, the nu
leation, growth, and 
oars-ening stages signi�
antly overlap, while the intermedi-ate �pre-
oarsening� stage observed in some simulationsfor simpli�ed alloy models (illustrated in our Fig. 3 andin Fig. 1 in Ref. [20℄) is absent. In this 
onne
tion, thepresen
e of this pre-
oarsening stage in simulations ofpre
ipitation in irradiated Fe�Cu alloys made in [21℄
an be related just to some oversimpli�
ations of theirmodel.The 
on
entration and temperature dependen
esof the maximum pre
ipitate density dmax, the nu
le-ation time tmax, and the advan
ed 
oarsening timet
;0:1 de�ned by Eqs. (20) and (22) are illustrated inFigs. 13�16. At low supersaturations s, these depen-den
es are rather sharp and seem to be mainly deter-mined by the variations of the supersaturation s(x; T )with x or T . At higher s &0.3, these temperaturedependen
es be
ome smoother and seem to be deter-mined by an interplay between an enhan
ement, withlowering T , of both the thermodynami
 driving for
espromoting the evolution and the va
an
y�
opper-atom
orrelations redu
ing the 
opper di�usivity DCu andthereby slowing down the evolution.Temporal evolution of the pre
ipitate size distribu-tions �k(t) is illustrated in Fig. 17. These distributionsare typi
ally rather broad, and they strongly vary withthe evolution time t. Therefore, the 
onventional de-s
ription of these sizes in terms of the mean pre
ipitatesize R(t) is oversimpli�ed and in
omplete. We also �ndthat for the alloy state G with the relatively high tem-perature T = 873 K, the pre
ipitate size distribution�k(t) is more uniform than those observed for states A,B, and D with the lower temperatures T = 773 K andT = 713 K, parti
ularly for the 
oarsening stage.

We also des
ribe an improved version of the previ-ously suggested sto
hasti
 statisti
al method for simu-lations of pre
ipitation and show that this version 
anbe used for various extrapolations of KMC simulations,in parti
ular, for their extensions to the �rst stages of
oarsening, for whi
h the KMC simulations are time
onsuming.The 
omparison of our simulated temporal depen-den
es for the density and the mean size of pre
ipitatesin binary Fe�xCu alloys at x = 1:34 and T = 773 Kand at x = 1:15 and T = 873 K to the available ex-perimental data [1�3; 7℄ shows a reasonable agreementwithin both statisti
al errors of the simulations and thes
atter of experimental results. The sizes N
 of 
riti-
al pre
ipitates 
al
ulated by the statisti
al method ofDobretsov and Vaks [14℄ and presented in Table 1 are
lose to those estimated in our KMC simulations andin the experiments in [5, 6℄ for NUCu steels.The 
omparison of our simulation results for theFe�1.17Cu and Fe�1.82Cu alloys to the data in [5, 6℄about pre
ipitation in NUCu-140 and NUCu-170 steels,whi
h have the same 
opper 
ontent xCu = 1:17 andxCu = 1:82 and 
ontain similar amounts of other alloy-ing elements, enables us to assess the e�e
ts of thesealloying elements on the pre
ipitation kineti
s. Themaximum pre
ipitate density dmax in ea
h of these twosteels is lower than in its binary analogue by aboutthree times. For the nu
leation stage, the pre
ipitatesdensity dp(t) and their mean size R(t) observed in [6℄in the NUCu-140 steel seem to be 
lose to those sim-ulated for the Fe�1.17Cu alloy, 
ontrary to the 
ase ofthe NUCu-170 steel, for whi
h the dp(t) and R(t) val-ues at t = 0:25 h reported in [5℄ sharply disagree withthose simulated for the Fe�1.82Cu alloy. In this 
onne
-tion, we note that the R(0:25h) = RKS value reportedin [5℄ seems to be unrealisti
ally large for the early nu-
leation stage supposed in [5℄ for the NUCu-170 steel att = 0:25 h: RKS � 4R
. Therefore, further experimen-tal studies of the nu
leation kineti
s in Fe�Cu-basedsteels seem to be desirable.For the 
oarsening stage, the presen
e of alloyingelements in the NUCu steels leads to a very strongslowing down of 
oarsening, by 1 to 2 orders of magni-tude, 
ompared with their binary analogues. A similarstrong slowing down of 
oarsening was also observedin [4℄ for an irradiated ternary Fe�Cu�Mn alloy. Atthe same time, for the nu
leation and growth stages,the e�e
ts of the alloying elements on the maximumpre
ipitate density dmax in the NUCu steels and in theFe�Cu�Mn alloy studied in [7℄ seem to be qualitativelydi�erent. Some hypotheses about a possible origin ofthe universal slowing down of 
oarsening in multi
om-286
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