CuO/Cuy0/Cu/CusTi30/CusTiO4, Fe,03/FeO/Fe/ZrO, u CuO/CuyO/Cu/ZrO,. O6pasyrommecs
YaCTUIbl UMEIOT JJAMUHAPHO-TJIOOYJISIPHYIO CTPYKTYPY COCTaBa MeXaHOKOMIO3UT/okcua. Kowm-
no3urmonneie rpanynsl Cu/Zr-CuO u Fe/Zr — Fe,O3 umeror 6onbimii pazmep rpanyi (o 60 u
40 MKM COOTBETCTBEHHO), YEM TIPH JICTUPOBAHUHU TUTAHOM (710 40 ¥ 25 MKM COOTBETCTBEHHO).

[IpumeHeHre MeXaHOKOMIO3MIMOHHBIX mMopoikoB Fe/Me u Cu/Me B kauecTBe BoccTa-
HOBUTEJIS B PEaKLUAX C OKCUJAaMHU MO3BOJISIET CHU3UTh aKTUBHOCTh METAJUIOB LIUPKOHMS U TUTA-
Ha, 4TO OOeCIeyrBaeT BO3MOXKHOCTb YIPaBICHHsS KUHETHKOW (pa3000pa3oBaHUs B cHCTEMax
Cu/Me—CuO u Fe/Me-Fe,0s.

Habmogaembie pa3nuuns B KUHETHKE (Da30- U CTPYKTYpOOOpa30BaHMs B YCIOBUAX UHTECH-
CHUBHOM MEXaHUUYECKOW aKTUBALIMK MOTYT OBITh CBSI3aHBI C pa3IMUUEM TUIIA KPUCTAIUINYECKUX
pemerok Meau (I'LIK) u xeneza (OLIK) u, ciiegoBaTenbHo, pa3iuiyreM TUIIOB TeHEPHUPYEMbIX
Ne(QEeKTOB B MPOLIECCe HArPyKEHUs U CABUIOBBIX Aedopmaruii.
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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 cases 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 investigation.
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).

The different numerical schemes and details are presented in [1]. For many cases the mod-
eling of homogeneous nucleation and growth by CNGT gives satisfactory agreement with exper-
imental data. In some cases fitting of parameters is not used at all, in others one or two parame-
ters are fitted. But as a rule even in the latter cases good agreement is observed for a great num-

14


mailto:info@itm.by

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 nucleation of copper sulfides is practically
unknown. There are many hypotheses about heterogeneous nucleation sites for CuS including
grain borders, matrix-MnS inclusion interfaces, dislocations, Cu or S microsegregation and so
on. In general, the method considered can be used for describing various models of nucleation,
by means of simultaneous following both MnS and Cu,S nucleation. In this work the assumption
1s made that precipitations of copper and manganese 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 approximate modeling of copper sulfides precipi-
tation kinetic is presented in [2]. We shall model precipitation using approximately the following
composition: copper is 0.07 wt%, sulfur 0.04 wt% and manganese concentration 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:

1. Wholly diffusion-controlled precipitation is assumed for our case on the basis of spheri-
cal shapes of inclusions and reported cube-cube orientation between copper sulfide inclusions
and matrix [2].

2. All heterogeneous nucleation sites have deformed 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 mod-
eling. The characteristic feature of this model is that in the temperature range 200 to 500°C the
Cu diffusion coefficient may be a few orders of magnitude higher than this coefficient in ideal
matrix.

In [3] the thermodynamic calculation resulted in obtaining the dependence of driving force
for Cu,S on temperature. The equilibrium temperature is about 740 °C for 0.0015C—-0.2Mn—
0.06S1-0.01S-0.06P—0.02Nb—0.05Cu—0.035Al (wt %) steels assuming the absence of sulfur re-
actions with manganese and iron.

The equilibrium temperature may depend on initial solute concentration, phase transition
parameters and others. An insignificant error made in experimental measurement of copper solu-
bility in matrix may actually lead to substantial deviation from correct equilibrium temperature.
This inaccuracy is less important for estimation of phase transition enthalpy. On assumption that
solubility product depends only on temperature end the enthalpy estimated as in [2]. The equilib-
rium temperature for 0.05%Cu and 0.01%S is estimated as 740 °C according to [3].

The equilibrium concentrations ¢’ of solutes in matrix at the matrix-precipitate boundary
are increased 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 binary alloys new solute equilibri-
um concentration is defined by precipitate radius.

The average precipitate radius is little dependent on critical radius for sufficiently long
time of precipitation, but activation barrier, precipitation rate and inclusions density may consid-
erably depend on critical radius.

This model describes homogeneous nucleation. As to heterogeneous nucleation some pa-
rameters in equations must de modified. The heterogeneous nucleation of Cu,S is expected to be
mainly located on dislocations as soon as the density of dislocations rises to high values follow-
ing hot and cold rolling.

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 introduced [4, 5].

The solute balance equations are used for estimation of current concentrations of Cu and S.
In this approximation it is assumed, that the solute fraction distribution is uniform in matrix.
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N- model [6] will be used for describing the evolution of precipitate size distribution. In
this model the particle size distribution function (PSD) is discretized into N, number of size

classes. The class is defined by radius R, and the number of inclusions with radius size between
R, —AR/2 and R, + AR /2.

In case of using “Euler like”” method for calculation the boundaries of classes are fixed and
fluxes of particles between classes are estimated. The details are presented in [1].

The initial distribution for N, is null or known (for example experimental data) distribu-
tion.

The adaptive step time Ar is used because the radius change during Ar 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 .

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 As and to calculate particle growth
during long annealing periods.

Conclusions

Model for nucleation and growth the precipitation of manganese and copper sulfides inclu-
sions are developed. New estimation of Gibbs free energy change for precipitation of copper sul-
fides 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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TEPMOKHHETHYECKAS 3/1C B CIIJIABE TiNi IIPH ITPAMOM
®A30BOM INEPEXO/IE: OKCIIEPUMEHT U PACYET

Pyb6anuk B.B., Py0anuk B.B. mu1., Jlecora A.B.

T'HY «Hncmumym mexuuuecxoui akycmuxu HayuonanvHou axademuu HayK»
YO «Bumebckuii 20cyoapcmeenvlil mexXHOI02UYeCKULl YHUBEPCUMeEem »

[IpumepoM BO3HMKHOBEHUs TepMOKuHeTHueckod DJIC B OOHOPOIHBIX Marepuaiax Ciy-
#uT HaBesneHue D/IC B pe3ynbpraTe nepeMelleHns 30HbI HarpeBa B0Jb IPOBOJIOYHOIO JKEIE3HO-
ro obpasna. [IpuurHOi BO3HUKHOBEHHUS TaKoro pojaa TepMokuHeTrdeckoit IJIC sBisieTcs pea-
au3anms Gpa3oBOro nMpeBpalleHus B JOKAJIbLHON 30He Harpesa npu temmeparypax 700-800C [1].
B psine matepuanoB (a3oBble nmpeBpalleHus MOTYT MPOTEKATh MPH 3HAUUTEIBHO O0Jee HU3KUX
TeMIlepaTypax, HalpuMmep, B cIuiaBax, oonamarommx 3ddexkrom mamsata dopmsl. [Ipu peanusa-
UU TepMOynpyrux (a3oBbIX MpeBpaiieHni nHunuupoBanue DJC B 3TOM cirydae BO3MOXKHO
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