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INTRODUCTION

It is wel known tha nonmetdlic inclusons ggnificantly degrade the mechanica properties of sted. The
induson evolution process is shown in figure 1. ©® Shortly after adding deoxidizer, particles nucleste,
precipitate, and quickly grow. This stage is manly controlled by diffuson of the deoxidization dements and
oxygen 181 “Ostwald-ripening’™ 2 88 occurs when the different molecular diffusion and dissociation rates due
to induson Sze causes larger particles to grow a the expense of causng smdler particles to shrink. This is
because of the different surface tension and oxygen concentration gradients neer particles of different size. 17,
Brownian motion is another cause of collisons [2* ®: @ After paticles grow large enough, turbulent collision
(13 71 and Stokes collison > % ¢8 control their continued growth; ® Due to the density difference between



liquid sed and inclusons, bubble attachment, and fluid transport in the metdlurgicd vessd, larger inclusons
are removed; @ Smdl indusons stay suspended in the liquid sted and are passed on to the next process while
other are removed by the top dag and refractory wadls by diffuson deoxidation and interfacia reactions.
Quantitative evaluation of these mechanisms should be investigated.
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Fig.1 Indusion evolution mechanigmin liquid

The indigenous inclusons obsarved in low-carbon duminum-killed sted take many forms, such as clusters of
dendritic dumina (30 to 100pm sze figure 2a ¥ and coral-shaped dumina (<50pm in size, figure 2b%).
Their common characteristic [ 92%: of the centra globule, second arms, or the separate spherica inclusions in

these cdlustersisthar sze is conssently 1~4 mm (Fig.2c). The reason for this should be investigated.
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Fig.2 Aluminainclusion morphologies. @) dendritic cluster, b) cord structure and c) the diameter distribution of
the globe center, secondary arms or separate spherical particles in dumina clusters

The decrease in mechanicd propeties of sed depends not only on the amount, compostion, and
morphology of inclusons but dso on their sze and number didribution. Incluson sSze digtributions have been
reported from three-dimensiona experimentd measurements [ 22! on samples from ladles and tundishs (%),
During deoxidation, the total number of particles large than 3mm in diameter is around 10°-107 per kg at 0.5 and



15 min after duminum addition ¥,  Severa researchers have modded indusion growth in liquid steel by
collison and coagulation 2% 2 24 However, the initid inclusion size distributions employed in these researches
dl used measurements for ther initid conditions.  The formation and evolution of the initial size distribution
should be investigated.

This paper invedigates the nuclestion and growth of indusons focusng on the initid Sages The
thermodynamic fundamentas of nuclegtion and precipitation are first discussed. Then a computationa modd
for nucleation and growth of inclusons is developed and gpplied to smulate isothermd ladle deoxidetion of
ged with duminum. The contribution of the different growth mechanisms on dumina induson nudeation and
growth is sudied. The start and evolution of inclusion size didtribution with time are numerically investigated.

THERMODYNAMIC FUNDAMENTALSOF NUCLEATION

The process of nudlegtion of primary inclusons by the addition of deoxidizer to an oxygencontaining met is
governed by the following reection:
n[Me]+mO]U (Me,O,). (1)
According to classcad homogenous nuclestion theory, the second phase (products) stat to form from the
parent phase (reactants) when the change in Gibbs' free energy, DG, is zero:

dDG
— =0. 2
dr @)
For spherica particles, the volume free energy released must balance the surface energy cregted, asfollows:
DG:gpr*"‘DG\, +4pr’s . ©)
The change of the free energy per unit volume DG, is represented by
RT
=-—InP, 4
v, 4)
where the supersaturaion, P , istheratio of the actual and equilibrium concentrations:
po S, ®)
Ceq
Because ayienom=1 When the deoxidation product is very pure,
C,/Cq = K/K, = (%Me)" (%0)" /K. (6)
Solving Eq.(2) and Eq.(3) gives
2s
DG, =- =. (7
e
Coupling Eq.(4), (5) and (7) yidds the criticd radius of nucleus r. to be
sV
° T, 8
"< RTInP ®)



If r>r., nucleation occurs, and stable particles precipitate and start to grow. According to Eq.(8), the critical

gze of nucleus decreases with increesng supersaturaion and decreasing surface tenson. Because supersaturaion
evolves with time during the deoxidation process, the critical nucleus size o evolves with time.

NUCLEATION AND GROWTH MODEL FORMULATION

The current computational modd of nucleation and growth of dumina indusons during sed deoxidation is
basad on the following assumptions.
® The Gibbs- Thomson equation ?°! holds for al size particles; (¢!
@ The basic unit of the modd is the “pseudo-molecule’, which condgs of 5 aoms roughly arranged as Al,Os,
which are ungtable unless pat of a large group. Before nucleation, groups of pseudo-molecules form by
random diffuson together of single pseudo-molecules (namely the diffuson of dissolved oxygen and dissolved
duminum atoms). This assumption is aso employed by Wanibe e d ! to study the formation of the dendritic
adumina clugers. If enough pseudo-molecules gather to form a dable nucleus then nuclestion (precipitation)
occurs, meaning that the particle is stable and can grow by both continued diffuson of pseudo-molecules, and
by collison with other stable inclusions (via Brownian collison and turbulent collison).
® Oswad-Ripening is congdered. By this mechanism, pseudo-molecules dissolve from smdler incdusons and
diffuse to and precipitate onto some larger inclusons;
@ The sysem isisothermd, i.e., the heet of the reaction (i)+(j)® (i+]) is neglected;
® Theinclusons and pseudo-molecules are sphericd,;
® Theinterfacid tendgon is independent of Sze;
® The dmple induson removd modd is thet dl indusons with radii larger than 36mm are considered to be
ingtantly removed to the top dag.
The effect of carbon and other dloysin the sted are ignored.

Population Balance Equations

When the duminum is firds added to the doed, pseudo-molecules will quickly form, resulting in

supersaturation, P, until they are able to diffuse and combine into larger groups:
N * * ¥ * -

1:N1=Ns_éNi>q' ©)
1.eq i=2

Here, P is defined as the ratio between the number densty of free pseudo-molecules (Al,O3 molecules) at
timet and that a equilibrium, so isdifferent from K/Ke in Eq.(6).

PO

The nudedtion and growth of inclusons in liquid ged is dominated by the diffuson of pseudo-molecules
and collisons of particles of different Sze ranges. Therefore, the time evolution of the pseudo-particle group
gzedidribution, N; is governed by the following particle number balance relations:
® 2<i <i. (before nuclestion)



dN,

d_:_ Niby Ny + b, NN +a AN, - 3 AN (10)
@ i3 i (sableincluson particles)
i-1
N fn AdN, +1r8d, NN,
dt =t L 2 2
Collison of particles (11)

lelN + bll 1N NI 1 +a|+lA+lN|+l aiw
Difusson of Molecules toi and dissolutio n of molecules from i

Critical radius of molecular group- According to assumption ®, the radius of a pseudo-moleculeis

r, =(3v, /4N, )"°. (12)

The radius of group i r; can be expressed in terms of the number of pseudo-molecules which make up the
molecular group (assumption @):

ro=ri’®. (13)

The criticd number of pseudo-molecules needed to make a dable particle which can grow is i=i;, with
corresponding particle radius of rc, which isfound from Eq.(8)(12)(13) by:

3 gRT geInP g

C

Rate constant of pseudo-molecule diffusion, bi— Assuming a uniform psuedo-molecule concentration
fidld with a boundary layer thickness of r;, the diffuson rate of sngle molecules to form a molecular groups
containing i pseudo-molecules (either subcritical or stable particles) is expressed by [2°)

b, =4pDyr,. (15)

Rate Congtant of particle diffusion, dj— Collison is consdered only between stable particles, according to
arate congtant that includes two components:
2kT

d; —3_(J/r +1/r )i+, ) + 130 +1, Plem)” (16)

The first term represents Brownian collison 8 and the second term represents turbulent collision, based on
Saffman’smodd 2.,

Dissolution rate, aj — Oswad-ripening involves both growth (from diffuson governed by bj)) and
dissociation, which is governed by a;, which is found by tracking the diffuson of pseudo-molecules, bi;, where
i is the number of pseudo-molecules in each inclusons. Ungable particles, {<ic) can grow or shrink only due
to diffuson, while sable incluson particles, (i>ic and r>r) evolve according to both diffuson and collison.



Solution Algorithm

Egs.(9)-(11) are solved usng the Runge-Kutta method. As an initid condition, the N*s is taken as a function
of dimendonless time, based on the dudy of Kampmann and Kahlweit which assumes that the pseudo-
molecules are produced within the system by an isothermd first order reaction,

NZ(t') = N.g[L0- exp(- B, (17)

where N*S,equ,eq isthe find number of pseudo-molecules produced by the reaction.
Initidly, there are no other Size groupsin the system a
N'i(t'=0)=0 i>1 (18)
The following parameters are chosen to model stedl deoxidation with these equations Vin= 34.4° 10° nimol
(30 T=1873K, N*5eq=100. and B=0.1 [?®!, D,;=3.0" 10 ~ ° n/s (diffusion coefficient of oxygen in liquid sted) 1%,
N1,eq=2.634" 10% m =2 m 3 corresponding to the 3ppm dissolved oxygen in sted, r(=7000 kg/n?, r, =2700
kg/n®, m=0.0067 kg.m ~'s ~1. The surface tension between AlOs particle and liquid sted is 2.3N/m a this
temperature 2 However, this value changes greatly with oxygen content and paticle size *¥, so 0.5 N/m is
assumed for s here, according to Wasai et d 1*¥. Therefore, r1=2.39° 10 ~*° m (Eq.(8)), b,, » 9.0" 10 ®*nt/s
(Eq.(15)), t' » 2.371" 10°% .

RESULTS OF NUMERICAL SIMULATION

The modd was agpplied to auminum deoxidation of a typica Sted-oxygen system, where measurements and
cdculations were avalable. The vessd was a 50 tonne ladle of low-carbon sted refined in an ASEA-SKF
furnace. The totd oxygen before adding duminum is around 300 ppm and the fina free oxygen is about 3 ppm,
(which corresponds to a 46kg aduminum addition). The ladle had 2.3m diameter and 1.7m depth, which
corresponds to a turbulent energy dissipation rate in the melt of 0.01224 nf/s® (856.8 erg/ens).

Control Mechanisms of Incluson Growth at Different Incluson Size Ranges

A comparison of the pseudo-molecules diffuson rate constant by with different collison rate constants dijj is
shown in figure 3. It can be concluded that ® When r<1mm, the particle growth is dominated by diffuson of
pseudo-molecules (Ostwad-Ripening) and Brownian collison of patices The contribution of Brownian
callison to accderate the growth of larger inclusons is very cdear from figure 4. The irregular thermd
movemert that characterizes Brownian collisons is independent of fluid flow, and is not directiond. Thus the
inclusons tend to grow in every direction, leading to a sphericd product. @ When r>2nm, paticle growth is
dominated by the turbulent collison of particles. During this dage, the diffuson of pseudo-molecules is not as
important, due to the low concentration of pseudo-molecules. The process of Ostwad-ripening continues to act
by smoothing the irregular morphology of incluson dendrite or cluster surfaces by dissolving Al,O3 molecules
from regions of high curvature (eg. smal particles) and diffusng to the flatter surfaces, (such as found on large



paticles). However, during this stage, turbulent collisons dominate paticle growth, so the incluson
morphology tends to become more jagged and it can retain a cluster shape. Thus, 1~2mm is a sze threshold
where the growth mechanism of incdlusons changes from the diffuson of pseudo-molecules (Ostwald ripening)
and Brownian collison to turbulent collison. This explans why the smdlest festures of red incluson cuders
are about thissize.
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Fig.3 Comparison of pseudo-molecule diffusion rate constant b,; and collision rate constants d;.

The following scales can be defined: 10°F
- Brownian scae [g<1mm; where the growth of inclusonswith 10° E
radii in thisrangeis controlled by diffusion of pseudo-molecules 10° §
and Brownian collison. Solid inclusonsin this range tend to be - 10° -
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- Turbulent sclle l;=2~1e, where | is the characterigtic size of the oo T On Diffusion
smallest turbulence eddy, on the order of |e=(n%/e)Y*, whichis 107 E ,
around 90nmm for the current systlem Indusions with radii in this 10'2“1'_ TS e pvee

range grow by turbulent collisons, and solid inclusionsin this ' i _

range tend to retain smallest features of 1~4nm in diameter as Fig.4 ~ Contribution of Browniar
. collison of precipitated inclusons on

showninFg.2; the growth of inclusions

- Intermediate scde |,=1g~I+, where the growth of indusionsinis

controlled both by pseudo-molecules diffuson and by collisons (Brownian collison and turbulent collison);

- Macro scae liy>le. where the effect of inclusion buoyancy on its mation through the fluid cannot be neglected.

Induson morphology is therefore summarized as follows Fine indusons grow sphericdly to 1 to 2 um in
radii due to diffuson and Brownian collison after nucleation. When there is a shortage of nucle, single
particles can grow into large dendritic structures due to ungable growth into high concentrations of diffusng
pseudo-molecules.  Otherwise, clugters of particles will form due to turbulent collisors resulting from flowing



liquid ged. With time, the surface contours of dl particles become progressvely smoother due to “Ostwald
ripening”.

Stages:

I ncubation, Nucleation and Growth of Inclusions | : Incubation Period (0<t*<t*,, 0<t*<1.25)

Il : Nucleation Period (t*,<t*<t*;, 1.25<t*<15.6)
l1I: Growth Period (t*>t*,, t*>1.25)

Figure 5shows the supersaturation P, the number I
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decreases (Eq.(8)). Numerica calculations show that 20 |
1=0.1 (,=0.042m9). At the criticdl time, t=t,, the 101p |
radii of some groups of pseudo-molecules become O 1 ; :
equa to r,, thus nudedtion begins. Patides 10° I | o
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pseudo-molecules develops for a given duminum t*
addition and disribuion. The supersaturation P Fig5 Caculated z, P, ic versus time

gradudly increases from zero to its maximum (46.7) & time t' 3 =8.07 (3=3.40ns). This corresponds to the
decrease in ariticd nudeus Sze to its smdlest-sized stable nudeus (r. =5.15A, containing i=10 pseudo-
molecules) a time t3 (EQ.(8)). Groups containing less than 10 pseudo-molecules are not dable particles.



Because pseudo-molecules are continuoudy consumed by growing particles, the supersaturation decreases
dowly dfter thistimets, asr. steadily incresses (Eq.(8)).

Nudlegtion is possible only during the time period t >~t's (0.53~6.58m¥), when the criticdl nudeus size is
gndler than the largest szed group of pseudo-molecules (forming by random diffuson). This agrees with the
study of Kawawa et d [, which reported the deoxidizing reection is complete dmost immediately after the
deoxidizer is transported to a given location in the melt.

After time t'5=15.6, (t5=6.58n¥), no new particles can nucleste. The supersaturation is asymptotic to 1
(equilibrium) as time gpproaches infinity. Stable particles remaining in the mdt continue to grow by diffuson
of pseudo-molecules and collison with other inclusons, or dissolve by Oswad-Ripening. Thus, the totd
number of particles gradually decreases after ts.

Tablel Computed resultsat critical times

t t (ns) P i ig z
t, 0.1 0.042 1.0 8 0 0
t, 125 053 124 a2 42 456 10~
ts 807 340 436 10 10 52 1073
ts 156 6.58 114 42 10 423 1072
>t g >15.6 >6.58 B 2 10 -

The nudestion rate a maximum supersauration is 154 102 (5.02° 107 m? s?). Kahlwet e 4
recommended an andytical expression [?®!, which yields a maximum nuclestion rate of 5.80° 10~ for the current
gysem. This is partly because the andyticd solution indudes only diffuson of pseudo-molecules while the
curent numericd dmulation adso condgders collisons. However, this huge discrepancy needs further

invedigation.

Growth period- Figure 6 shows a higogram of incduson sze didribution at different times. As previoudy
discussed, at time 0.53ns (), the first size inclusions with radii of 8.31A nudeate and precipitate. At this time,
only one Sze exids After time tp, smdler incusons can precipitate and grow by diffuson of psaudo-
molecules, and collison with other inclusons. This darts a Sze didribution range. With increesing time, this
gze didribution range becomes larger and larger. Thus, size didribution expressed as a function of time after
the addition of deoxidizer contributes to the precipitation, collisorn/coagulation and flotation of indusons. On
the other hand, with increasing time, the number dendty of smaler inclusons decreases while and that of the
larger ones increases, due to both Ostwad-Ripening and callison. In addition to smoothening the dumina
surface roughness, Ostwald-ripening leads to the evolution of incluson sze didribution. When t=6s, the largest
incdlusion is aound 2 mm diameter. According to the industrid measurements 4 the largest inclusion diameter,
after 6 s second deoxidation, was around 2-5 mm, which agrees roughly with current caculation. Fig.6 aso
indicates that when the incluson sze is in the turbulent scde range, growth is controlled manly by the
turbulent collisons. This expands the range of the size didribution from 0.1~1nm at 6sto 0.1~36nmm at 100s.



Figure 7 indicates that with increasing time, the number of smdler inclusons drops, and some new bigger
indusons are generated mainly by collison. The incluson concentration changes with time firs increesng to
a maximum vaue and then dowly decreasing. It tekes about 100sec for the inclusons growth into severd ens
of microns, which agreeswell  with the study of Kawawa et d . Figure 8 compares the total oxygen content
between the current calculation and an experiment by Nakanishi *®, which shows rough agreement. After 720
seconds (12min), the total oxygen concentration in the liquid decreases to around 20 ppm.
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CONCLUSIONSAND SUMMARY

1. A computaiiond modd based on cassc homogenous nucleation theory, thermodynamic andyss and
numerica Imulation, has been developed to dudy sted deoxidation by duminum in a low carbon duminum-
killed sted ladle The modd cdculaies the nucdledtion and time evolution of the adumina incluson sSze
digtribution due to Ostwald ripening, Brownian collison and turbulent collison.

2. For the given conditions, (which assume that the pseudo-molecules of Al,O3 al gppear within about 50 ns),
the nucleation is very fadt, occurring mainly between Irs and 10ns. The stable incluson nuclel are predicted to
be only about 10-20 A in diameter (containing on the order of 10-100 pseudo-molecules of duming). After this
time, the sze didribution of the stable incluson particles grows by diffuson of pseudo-molecules (Ostwad-
Ripening) and by collisons. Thus, deoxidation proceeds rapidly.

3. Ostwald-ripening due to the diffuson of pseudo-molecules hdps nuclel to appear and grow, causes smdler
inclusons to dissolve, continues to precipitate pseudo-molecules onto growing large inclusons, and tends to
smoothen the rough surfaces of dendritic or cluster inclusions.

4. The growth of indusons smdler than 1mm, is mainly controlled by diffuson of pseudo-molecules and
Brownian collison. Inclusons in this range tend to be sphericd. The growth of inclusons larger than 2rim is
mainly controlled by turbulent collisons. Inclusons in this range tend to form clusters which relan minimum



feature szes of 1~2mm.

5. When induson sze increases and turbulent collisons dominate their growth, the size didribution grealy
extends, cregting macroinclusons that can be removed by buoyancy. Computations of the incluson size range

including these phenomena roughly agree with experimental measurements.

6. Further studies should include the effect of deoxidant compostion (S and Al), deoxidant flow transport,
interfacid tenson, diffuson coefficient, the initid oxygen content, and temperature on incluson nuclegation and
growth. In addition, the phenomena of bubble-rdated collisons, cluser morphology, reoxidation, redistic
incluson trangport in the flowing liquid, and remova & the top dag layer and wadls on incluson evolution aso

need investigation before sted deoxidation and inclusion formation processes can be fully understood.

NOMENCLATURE

The surface area of particlei, n?

The rate congtant in Eq.(19)

The saturation concentration in equilibrium with a plane interface of the new phase, or the
concentration of solute in the parents phase when r isinfinite, m=3
The average concentration of the precipitating substance (solute), m™
the diffusion coefficient of the pseudo-moleculesin liquid , mfs~*
The change of the Gibbs' free energy, J

The change of the free energy per unit volume, Jm ~3

The particle Sze, namely, this particle is comprised of i pseudo-molecules or | pseudo-molecules
the criticd sze for nudeus

The amdlest partide 5ze

The dimengonless stationary nuclestion rate

and or the concentration product at an arbitrary moment after deoxidation Eq.(6)

the thermodynamic solubility product, namely, the equilibrium congtant

The Boltzmann congtant, JK 1

The Avogadro number, mol

The concentration of the dissolved pseudo-molecules, m™
The concentration of the dissolved pseudo-molecules a equilibrium, m~
The average concentration of the particle i , m™3

The dimensonless number dengty of paticle i

Thetota dimensonless number dengty of pseudo-moleculesincuding those in the partides
The gas constant, 8.314 JK ~*mol~*

The particle radius, m

The criticd radius for nuclegtion, m

Theradii of the particle i , m

the radius of the pseudo-molecule, m

The absolute temperature, K

Time, s

Timea P=1,s

Time for the beginning of nudeation, s

Timea P=P nax, S

3

3
3



ts Timefor the ending of nucleation period, s

The dimensonlesstime

Vin  themolar volume, nPmol ~ 2

a; The nuzfnbelr of pseudo-molecules which dissociate per unit time from unit area of a particle of class
i,m “s

by Therate constant of the growth reaction (i) + (1) ® (i +1), n’s™*

d;  Collison rate constant, nv/s

e The turbulent energy dissipation rate, mfs

P The supersaturaion of the parents phase, or the dimensonless concentration of pseudo-molecules

Pmax  The maximum supersaturation
m The viscosty of the liquid, kg.m
f The indusion oagulaion coefficient 1*°!

re The density of liquid, kgm =3

rp The density of particles, kgm =3

S Theinterfacia tension between aluminaand liquid steel, N.m™
z Thetota dimensionless number density of growing particles

n The viscosity of the liquid, nfs™

-1g-1
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