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Model o f  precipitation kinetics o f  copper and m an­

ganese sulfides in ultra low-carbon and interstitial free  
steels was created on the basis o f  classical nucleation and  
growth theory. The model includes homogeneous and  
heterogeneous schemes fo r  independent nucleation o f  
manganese and copper sulfides and simultaneous grow th/ 

\ ^ r i n k a g e  o f  inclusions.
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Introduction

Low carbon steel production with copper sulfide 
precipitation strengthening is being now extensively 
investigated owing to its lower cost as compared to 
that with steelmaking using Nb and Ti precipitates. 
Copper is always available in steel scrap. In some cas­
es steels with copper sulfide precipitates have even 
better mechanical properties than those with Nb/Ti 
precipitates. Currently such low-carbon steels with 
high mechanical properties are under active investiga­
tion. Precipitation hardening and strengthening have a 
great effect on mechanical properties of these steels.

Precipitation kinetic is modeled on the basis of 
classical nucleation and growth theory (CNGT). This 
method is most widely used for prediction of precipi­
tation behavior. Its success is in its simplicity and a 
small number of physically transparent parameters. 
The correct definition of such parameters (by fitting 
or by atomic simulation and so on) enables obtaining 
the quantitative results for precipitation kinetic. The 
basic developments and applications of classical theo­
ry are presented in [1-25].

The different numerical schemes and details are 
presented in [11]. Application for copper precipitation 
in steel matrix is developed and good agreement with 
experimental data are presented in [13, 14].

In some cases precipitates such as nickel superal­
loys, copper HSLA steel, Al-Sc alloys as well as in­
vestigated inclusions with cuprum sulfide have low 
surface energy. Therefore, the coarsening induced by 
differences in interface surfaces fails to suppress con­
tinuous creation of new small subcritical-size inclu­
sions. The majority of solute atoms belongs to low 
mobile clusters and do not contribute directly to 
coarsening process. Conventional models of nucle­

ation are valid for systems with high-surface energy 
and their application to systems with low values may 
result in erroneous interpretation of experimental data 
[18].

For many cases the modeling of homogeneous 
nucleation and growth by CNGT gives satisfactory 
agreement with experimental data. In some cases fit­
ting of parameters is not used at all, in others one or 
two parameters are fitted. But as a rule even in the lat­
ter cases good agreement is observed for a great num­
ber of temperature regimes and initial concentrations 
of solutes as well as for multi-component and multi­
phase precipitation.

By now the physical nature of heterogeneous nu­
cleation of copper sulfides is practically unknown. 
There are many hypotheses about heterogeneous nu­
cleation sites for CuS including grain borders, matrix- 
MnS inclusion interfaces, dislocations, Cu or S mi­
crosegregation and so on. In general, the method con­
sidered can be used for describing various models of 
nucleation, by means of simultaneous following both 
MnS and CU2S nucleation. In this work the assump­
tion is made that precipitations of copper and manga­
nese sulfides are independent. Next we assumed that 
the diffusions of copper, manganese and sulfur atoms 
are independent as well.

The only one available work devoted to approxi­
mate modeling of copper sulfides precipitation kinetic 
is presented in [20]. We shall model precipitation us­
ing approximately the following composition: copper 
is 0,07 wt%, sulfur 0,04 wt% and manganese concen­
tration 0,54 wt% for steels with hot and cold rolling.

The considerations accepted here to be used for 
simulation of precipitation kinetics on the basis of 
CNGT are as follows.
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1. Wholly diffusion-controlled precipitation is as­
sumed for our case on the basis of spherical shapes of 
inclusions and reported cube-cube orientation be­
tween copper sulfide inclusions and matrix [20].

2. All heterogeneous nucleation sites have de­
formed lattice around nucleation sites and hence have 
higher mobility of Cu atoms as compared with that in 
ideal matrix. In this work the model of Cu diffusion 
near dislocations has been selected for nucleation and 
initial growth modeling. The characteristic feature 
of this model is that in the temperature range 200 to 
500 °C the Cu diffusion coefficient may be a few or­
ders of magnitude higher than this coefficient in ideal 
matrix.

3. The estimation of Gibbs free energy change for 
precipitation of copper sulfides is corrected in as com­
pared with [20] on the basis of more correct equilibri­
um temperature estimation in [27], since thermody­
namic modeling predicts unstable character of copper 
sulfides in Fe matrix, especially with adding of Mn 
solute.

MODEL OF PRECIPITATION 

Nucleation

CNGT is based on the changes in Gibbs energy 
AG associated with the formation of a precipitate in a 
supersaturated solid solution. In the case of spherical 
precipitates of radius R, AG(R) is given by:

A G (/?) = -^Tt^^Ag + 4 r ti? ^ a , (1)

where Ag is the chemical Gibbs energy density 
change and a  the specific interfacial energy.

According to CNGT the nucleation rate is given
by:

J =^toS Zexp
" AG*^ f  f- Л ̂inc

kT  ,\  /
exp

I t )
(2)

where is the overall number of potential nucle­
ation sites; p* the frequency factor; Z the Zeldovich 
factor; AG* the activation energy barrier and the 
incubation time. They are calculated as;

4nDcR*^

Z = va

2 n R * 4 kT

AGo
3Ag^
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(3)

(4)

(5)

(6)

where is the volume of precipitate molecule, a the 
lattice parameter of matrix, D the diffusivity of solute 
atoms (Cu or Mn) and с the corresponding initial 
concentration:

R = Ro

kT '

gCuCS 

CCu2S

A g = — S ,
Va

(7)

(8)

(9)

( 10)

in which it is assumed, that precipitate has stoichio­
metric composition CU2S, and ccuiS is the product of 
solubility for equilibrium concentrations cf:

CCu2S=(CCu) c | .  

Sometime the critical radius is defined as

(П)

R = R + kT
Sna

taking into account the fact that a particle with a ra­
dius exactly equal to R* can not grow.

Gibbs energy

Expression (10) for chemical bulk energy may be 
estimated by two different ways. Experimental data 
concerning solubility product for CU2S in silicon steel 
matrix are presented [20]:

log([%Cu]^ [%S]) = -44971 / Г + 26,31. (12)

The following linear approximation is possible for 
small supersaturations:

AT  1
7;

(13)

where Q = 860700 J/mol-molecule of CU2S and equi­
librium temperature is estimated as T̂  = 1196 °C (de­
rived from solubility product (12) for concentrations 
of S equal to 0,01 and Cu 0,07 mass%). AT is over­
cooling below equilibrium temperature, F,„ is molar 
volume of precipitates.

In [27] the thermodynamic calculation resulted in 
obtaining the dependence of driving force Ag for 
CU2S on temperature. The equilibrium temperature is 
about 740 °C for 0,OOl5C-0,2Mn-0,06Si-0,01S- 
0,06P-0,02Nb-0,05Cu-0,035Al (wt %) steels assum­
ing the absence of sulfur reactions with manganese 
and iron.

The equilibrium temperature in (13) may depend 
on initial solute concentration, phase transition pa-
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rameters and others. An insignificant error made in 
experimental measurement of copper solubility in 
matrix may actually lead to substantial deviation from 
correct equilibrium temperature. This inaccuracy is 
less important for estimation of phase transition en­
thalpy. On assumption that solubility product depends 
only on temperature as in (12), the Q value would de­
pends only on enthalpy of phase transition [28], and Q 
can be estimated as in [20].

The equilibrium temperature for 0,05%Cu and 
0,01%S is estimated as 740 °C according to [27].

It should be noted that this “combined” estimation 
ensures metastable behavior of copper sulfide in pres­
ence of manganese sulfide for temperatures usually 
used for annealing. Such approach makes reasonable 
evaluation of driving force possible. In other words, the 
accuracy of (13) when using more correct equilibrium 
temperature is higher than that with direct use of (12).

Then we can equalize Gibbs energies (10) and (13):

Q — ^ R J \ a ^ £ iu £ s ^

CCu2S
(14)

where с are the solute concentrations for which 
equilibrium temperature has been evaluated and 
the gas constant. Then we have:

e •In(c^uCs). (15)

As a result, (15) allows finding the corrected esti­
mation of solubility product ccu2S for any tempera­
ture without direct using of approximation (12). For 
instance, at 650°C ccuaS =1>57 10“’^ . Due to as­
sumption, that such solubility product depends only 
on temperature, this value may be further used for an­
other concentrations for calculation of Gibbs energy 
on the basis of (9) and (10).

Growth

The equilibrium concentrations c' of solutes in 
matrix at the matrix-precipitate boundary are in­
creased owing to the curvature of surface between 
matrix and precipitate. It is assumed that the inclusion 
has spherical shape with current radius R. As to bina­
ry alloys new solute equilibrium concentration is de­
fined by precipitate radius. With two-component pre­
cipitates the product of new equilibrium concentra­
tions is defined by radius;

exp
R CCU2S

(16)

crystal. As to frequently used Zener approximation 
growth/shrinkage of inclusion is determined by su­
persaturation and is given by:

^._dR ̂  Dcu ccu - ccu c$ ~ c s
dt R ас^ц-сси R aci-ch

where and are the fractions of Cu and S in 
precipitate, a  the ratio of atomic volumes of this spe­
cie in matrix and precipitate and and the cur­
rent fractions of solutes in matrix. Two equations (17) 
give the second equation for definition of concentra­
tions cqu and cs and are simultaneously used for 
growth speed determination.

The average precipitate radius is little dependent 
on critical radius for sufficiently long time of precipi­
tation, but activation barrier, precipitation rate and in­
clusions density may considerably depend on critical 
radius.

Distinctive features of nucleation and growth 
on dislocations

The previous model describes homogeneous nu­
cleation. As to heterogeneous nucleation some param­
eters in equations must de modified. The heteroge­
neous nucleation of CU2S is expected to be mainly lo­
cated on dislocations as soon as the density of disloca­
tions rises to high values following hot and cold 
rolling.

As regards heterogeneous nucleation the interface 
energy is decreased by the value that depends on a 
particular nucleation type. In this work it is approxi­
mately assumed, that in accordance with [20] the val­
ue of a  must be multiplied by a factor of 0,7.

The significant feature of growth on dislocations 
is rapid diffusion of copper atoms in a small zone 
around dislocation. In order to exactly consider this 
phenomenon the conception of depleted zone is intro­
duced [2, 13]. The activation energy of pipe diffusion 
has been estimated as 0,73 of matrix diffusion, and 
around dislocation the diffusion coefficient D j may be 
evaluated as [13]:

D , = ( D ^ D , y (18)

The second equation for determination of ccu 
and Cs can be derived from the fact, that diffusion 
flux of both species should lead to identical growth of

where Dp and Dy are the pipe diffusion and volume 
diffusions, respectively.

In this work simpler models without depleted zone 
calculation are used. Value is used for nucleation 
and growth at initial stage. With increasing the inclu­
sion radius the coefficient of diffusion decreases to Dp 
value by linear law. In such approach the mobility oi 
Cu atoms is sufficiently high to ensure nucleation and 
initial growth of precipitates even for relatively lo \̂ 
temperatures of 300-500 °C. This mobility of coppei
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atoms at small distances around dislocation is compa­
rable with that of sulfur atoms.

Numerical method

The solute balance equations are used for estima­
tion of current concentrations of Cu and S i. e. Cc„ and 
Cg. In this approximation it is assumed, that the solute 
fraction distribution is uniform in matrix. Then, if 
matrix volume change is neglected in precipitation 
process we have:

the precipitate volume fraction is:

c^c-VpHp Pp  ^ F e  

Pm A/Cu2$
(19)

where с is the initial solute molar fraction, the 
volume fraction of precipitate, Пр the number of atoms 
of relevant specie in molecule of precipitate (for Cu 
Пр = 2, for S Up is 1), Pp and p„, are the densities of 
precipitate and matrix and M  its molecular weights.

N -  model [11] will be used for describing the evo­
lution of precipitate size distribution. In this model 
the particle size distribution function (PSD) is dis­
cretized into Nc number of size classes. The class is 
defined by radius Л, and the number of inclusions with 
radius size between -  AR/2 and Л, + AR/2. The to­
tal number of particles is:

the average radius is:

-------
N

In case of using “Euler like” method for calcula­
tion the boundaries of classes are fixed and fluxes of 
particles between classes are estimated. The details 
are presented in [11].

The initial distribution for is null or known (for 
example experimental data) distribution.

The adaptive step time is used because the ra­
dius change during At time has not been above AR/2. 
This limitation eliminates the possibility to “jump” 
across one or more classes. The maximum speed v 
has classes with small R, according to (17).

New size classes are created for high R values 
during inclusion growth. And quite the contrary, 
if the number of particles in a class with small radius 
is less than 1 it will be excluded from calculation. 
This makes it possible to increase step time At and to 
calculate particle growth during long annealing pe­
riods.

Conclusions

Model for nucleation and growth the precipitation 
of manganese and copper sulfides inclusions are de­
veloped. New estimation of Gibbs free energy change 
for precipitation of copper sulfides is used. Model of 
nucleation and growth of copper sulfides precipitates 
on dislocations are used for heterogeneous nucleation. 
Numeric model, based on “Euler like” method, are 
developed for calculations.
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