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Effects of time, temperature, and steel
composition on growth and dissolution of
inclusions in liquid steels

T. Hong and T. DebRoy

significantly. Ratke and Thieringer8 showed that the motion
of the particles accelerates the kinetics of coarsening andThe current knowledge of stability and growth/
broadens the normalised inclusion size distribution. Babudissolution kinetics of inclusions in liquid steels is
et al.9,10 calculated the rate of precipitation of the oxidesynthesised to understand their growth and
inclusions from the diffusion rate of elements to the inclusion/dissolution behaviour. In particular, it is shown that
liquid metal interface. Christian11 presented theories ofthe effects of time and temperature on the diffusion
diffusional and interface controlled growth of precipitates.controlled growth and dissolution behaviour of
Whelan12 proposed a method to calculate the rate ofinclusions can be represented by a set of time–
diffusion controlled dissolution of spherical precipitates.temperature–transformation (TTT) diagrams. The
Recent investigations have led to significant advances inTTT diagrams for the growth of oxide, nitride, and

the nature of the inclusions in welded steel metal throughsulphide inclusions show the characteristic C shape,
characterisation13,14 and better understanding of the stabilitywith each plot having an optimal temperature
and rates of dissolution and growth of inclusions. By con-where the highest growth rate is achieved. The
trast, synthesis of these component processes to gain ainclusion dissolution rate depends strongly on the
comprehensive understanding of the growth and dissolutioninitial inclusion radius and temperature. Apart from
behaviour of the inclusions has been mostly overlooked.the stability of various inclusions in a given
Many examples in the literature demonstrate the importancecomposition of steel, the diagrams provide
of such synthesis. For example, current theories of heatimportant kinetic information for diffusion
treatment of steels are based on the well accepted time–controlled growth and dissolution of oxide, nitride,
temperature–transformation (TTT) diagrams that syn-and sulphide inclusions. I&S/1570
thesise both the kinetics and the thermodynamics of phase
transformations. Hong and DebRoy15 recently proposed aThe authors are in the Department of Materials Science and
formalism to understand the effects of time and temperatureEngineering, Pennsylvania State University, University Park, PA

16802, USA (debroy@psu.edu). Manuscript received 24 October on the growth and dissolution of inclusions based on
2000; accepted 27 June 2001. thermodynamics and kinetics. In this paper, the authors

extend this concept to construct a set of TTT diagrams© 2001 IoM Communications Ltd.
that describe the effects of time and temperature on the
growth and dissolution behaviour of inclusions in steels
of known compositions. The effects of alloy composition
on the growth and dissolution rates of oxide, nitride, andINTRODUCTION
sulphide inclusions are investigated at various temperatures.

Oxide, sulphide, and nitride inclusions are frequently present
in steels. Since the safety and reliability of welded steel

Modelling procedurestructures are affected by the composition, number density,
and size distribution of inclusions,1,2 many of the recent The construction of the TTT diagrams requires the con-

sideration of growth and dissolution rates of inclusions.investigations on inclusions have focused on the steel weld
metal. Much of the data on inclusion stability that were The diffusional growth and dissolution rates depend on the

element diffusion rates near the inclusion/alloy interface.generated from decades of research on ladle deoxidation have
been useful in recent investigations of inclusion stability These diffusion rates depend on the difference between the

concentrations of various species in the bulk alloy and inter-during welding. For example, Kluken and Grong3 studied
the precipitate stability, volume fraction, size, and chemical face. Therefore, the calculation of the interfacial concen-

trations of the constituent elements of the inclusions is acomposition of inclusions from weld metal chemistry in
Al–Ti–Si–Mn steel welds. Frost and Brothers4 studied the prerequisite for the calculations. To simplify calculations of

the rates of growth and dissolution of inclusions in liquidsequence of oxide formation during solidification of the weld
pool by considering the effects of microsegregation of oxygen steels, the following assumptions were made.

1. The concentration field near each inclusion wasand deoxidants in the liquid metal. Bhadeshia and Svensson5
predicted inclusion composition as a function of weld metal assumed to be constant during the nucleation, growth, or

dissolution of inclusions.composition and a precipitation sequence based on thermo-
dynamics. These studies together with computer applications 2. The activities of liquid iron and all solid compounds

were assumed to be unity.of thermodynamics in complex systems have led to signi-
ficant improvements in understanding the behaviour of 3. At the interface between the inclusion and the liquid

steel, only the concentrations of those elements that con-inclusions in weld metals. For instance, Hsieh et al.6 used
the ThermoCalcTM software to predict the sequence of stitute the inclusion were calculated. The concentrations of

all other elements were assumed to be the same as those ininclusion formation in low alloy steel welds by considering
equilibrium thermodynamics. the bulk metal.

4. The growth and dissolution of inclusions were assumedApart from the thermodynamic investigations, the rates
of growth and/or dissolution of inclusions have received to be controlled by the diffusion of constituent elements in

liquid steels. The diffusion coefficients used are presentedconsiderable attention. For example, Goto et al.7 showed
that the cooling rate influences the inclusion growth rate in Table 1. Because of the lack of availability of the diffusion
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Hong and DebRoy Growth and dissolution kinetics of steel inclusions 451

Table 1 Alloy composition and diffusion coefficient of can be derived20
oxygen in calculations3,16,17

ciM=cbM−
xmM
ymQ ADQDMB1/2 (cbQ−ciQ ) . . . . . . . (4)Composition 1, Composition 2,

Element wt-% wt-% D, m2 s−1

where cbM and cbQ are the concentrations (in weight per cent)C 0·09 0·06 7·2×10−9 of M and Q in the bulk metal, mM and mQ are the atomicSi 0·53 0·39 3·6×10−9
weights of M and Q, and DM and DQ are the diffusionMn 1·9 1·55 4·1×10−9

Ni 0·09 0·2 … coefficients of M and Q in liquid steel. The interfacial
Cr 0·01 0·01 … concentrations of M and Q, ciM and ciQ , can be obtainedTi 0·005 0·003 7·4×10−9 from the solution of equations (2) and (4). After calculatingAl 0·010 0·016 8·3×10−9

the interfacial concentrations, a variable c* is defined as theN 0·008 0·004 3·7×10−9
O 0·032 0·054 9·2×10−9 dimensionless supersaturation of the element with a lower
S 0·020 0·009 4·8×10−9 diffusion coefficient in the alloy11

c*= (cb−ci )/(cp−ci ) . . . . . . . . . . . (5)
coefficient data at high temperatures, some of the data pre- where cp is the concentration (in weight per cent) of the
sented in this table are extrapolated from low temperature element that has lower diffusivity in the alloy.
values.
5. The nucleation rates of inclusions are high as shown TTT diagrams for growth
in the Appendix and the incubation time is short compared When the interfacial concentrations of M and Q are lower
with the growth time. Therefore, the nucleation phenomenon than their concentrations in the bulk liquid, the elements
is ignored in the calculations. diffuse from the bulk liquid toward the interface and the

inclusions experience growth. The increase in the radius of
Equilibrium concentrations at interface the inclusions is calculated using equation (6)13
For a known alloy composition and temperature, the inter-
facial concentrations can be calculated assuming equilibrium ri+1−ri=

a

2(t)1/2
Dti . . . . . . . . . . . (6)

of inclusion formation reaction at the interface between the
inclusion and the liquid steel. The reaction is expressed by where ri and ri+1 are the radii of the inclusion before and

after the ith time step, respectively, Dti is the time step, t isxM+yO=MxQy . . . . . . . . . . . . (1) time, and a is a growth rate parameter expressed by11
where M is a metallic element such as Al, Ni, Mn, Si, or

a= (2Dc*)1/2 . . . . . . . . . . . . . . (7)
Ti, and Q denotes a deoxidant element such as O, N, or S.

where D is the diffusion coefficient of the element withThe equilibrium constant for the reaction is given by
lower diffusivity in liquid steel, given by

keq=
aM
x
Q
y

axMayQ D=D0 expA− E

RT B . . . . . . . . . . . (8)
=

1

[ fMciM]x[ fQciQ]y
where D0 is a temperature independent pre-exponential
term and E is the activation energy for diffusion. The time
necessary to increase the inclusion radius to a certain value

=expA−DG0RT B . . . . . . . . . . . . (2) at different temperatures is calculated from equation (6) to
construct the TTT diagrams for the growth of inclusions.

where aM
x
Q
y

, aM , and aQ are the activities of MxQy , M, and
Q; ciM and ciQ are the interfacial concentrations (in weight TTT diagrams for dissolution
per cent) of M and Q; DG0 is the standard free energy

When the interfacial concentrations of constituent elements
change for the reaction (1); and fM and fQ are the activity of the inclusion exceed the concentrations in the bulk liquid
coefficients of M and Q given by

at a given temperature, the elements diffuse from the inter-
face into the bulk liquid and the inclusions experience dis-fi=10 ∑

n

j=1

ej
i
ci
j
. . . . . . . . . . . . . . (3)

solution. By considering diffusion controlled precipitation
where eji is the first order interaction parameter between with a quasi-steady state approximation in the alloy matrix,
element i and j, cij is the concentration of element j at the Whelan12 derived the following expression for the kinetics
interface, and n is the number of elements considered in of dissolution
the alloy. The values of DG0 for all reactions considered
are presented in Table 2. Considering the diffusion fluxes ri+1−ri=−

k

2CDri+ADptB1/2DDti . . . . . . (9)
of M and Q to or from the interface, the following equation

where ri and ri+1 are the radii of the inclusion before andTable 2 Standard free energy for various reactions:18,19 after the ith time step Dti , respectively, t is the dissolutionDGo=a+bT, cal mol−1 (1 J¬4·184 cal) time of the inclusion, and k=−2c*. The time needed to
decrease the particle size to a certain value can be calculated

Precipitation reaction a b
from equation (9) to construct the TTT diagrams for the
dissolution of inclusions.2Al+3O=Al

2
O
3

−289 060 93·52
3Ti+5O=Ti

3
O
5

−419 680 136·5
Ti+2O=TiO

2
−161 460 55·95 Results and discussionSi+2O=SiO

2
−140 950 54·62

Mn+O=MnO −68 816 29·95 Figure 1 shows the calculated nucleation rate of Al2O3Al+N=AIN(s) −134 000 46·5 inclusions using a procedure described in the Appendix. It
3Si+4N=Si

3
N
4

−203 000 75·3
is observed from the computed results that the nucleationTi+N=TiN −80 380 24·29
rate is very high. Therefore, it is reasonable to assume thatFe+S=FeS −111 370 57·0

Mn+2Al+4O=MoO.Al
2
O
3

−369 376 125·22 the nucleation rate is high compared with the growth and
Si+2Al+5O=SiO

2
.Al
2
O
3

−319 875 97·32 dissolution rates. For this reason, the nucleation phenomenon
Mn+Si+4O=MnN.SiO

2
−200 466 75·0

was not considered in the calculations reported in this paper.
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452 Hong and DebRoy Growth and dissolution kinetics of steel inclusions

3 Change of dimensionless supersaturation of oxygen1 Nucleation rate of Al
2
O
3
inclusions versus temperature

c* for several oxide inclusions with temperature forin liquid steel of composition 1 (see Table 1)
steel of composition 1

2 TTT diagrams for growth and dissolution of Al
2
O
3inclusions with different radi in liquid steel of

composition 1
4 Equilibrium concentrations of aluminium and oxygen
at the interface of Al

2
O
3
inclusions and liquid alloy at

Figure 2 shows the TTT diagram for the growth and different temperatures in steel of composition 1
dissolution of Al2O3 inclusions for the steel of composition
1 indicated in Table 1. For growth, the plots indicate the

become equal at 2114 K. This temperature is defined as thetime necessary for inclusions to reach various target radii
equilibrium temperature for the alumina inclusion–steel(rt=1, 2, and 3 mm in this plot) at various temperatures system. The alumina inclusions will grow in the liquid steelduring isothermal growth. The plots for dissolution indicate
below this temperature and dissolve above this temperature.the time necessary for inclusions to reach the final radius
Figure 5 shows the TTT diagrams for the growth ofrf (1% of r0 in this figure) from various initial radii (r0=1, various oxide inclusions to 1 mm radius in a liquid steel2, and 3 mm in this plot).
of composition 1. Of all the oxide inclusions considered,The growth rates of inclusions depend on the diffusion
Al2O3 , MnO.Al2O3 , and Ti3O5 grow fastest at temperaturescoefficient D and the concentration difference represented by
above 2000 K. It is observed from Fig. 3 that the changethe dimensionless concentration c*. The diffusion coefficient
of c* at lower temperatures is not very pronounced forin the liquid metal, calculated from equation (8), decreases
Al2O3 , Ti3O5 , and TiO2 . As a result, the change of diffusionwith reduction of temperature. However, the dimensionless
coefficient dominates the kinetics of inclusion growth. Forconcentration c* increases with decrease in temperature, as

observed in Fig. 3. As a result, there is an optimal value of
temperature at which the highest growth rate is achieved.
The resulting TTT diagrams for the growth of Al2O3
inclusions show the typical C shape curve.
Both oxygen and aluminium diffuse from the bulk melt
to the inclusion/melt interface during growth of Al2O3 . The
direction of transport is reversed during dissolution. The
concentrations of oxygen and aluminium at the interface
and in the bulk liquid determine the growth and dissolution
rates of the inclusions. These concentrations vary with tem-
perature for a given steel composition. The dimensionless
interfacial concentrations of oxygen and aluminium at
different temperatures are shown in Fig. 4 for an alumina
inclusion in a steel of composition 1 to illustrate this
behaviour. Growth of alumina stops at a temperature when
the interfacial concentrations of oxygen and aluminium
become equal to those in the bulk alloy. For the steel com-
position used in this calculation, the concentrations of both 5 TTT diagrams for growth of various oxide inclusions

in liquid steel of composition 1oxygen and aluminium at the interface and in the bulk steel

Ironmaking and Steelmaking 2001 Vol. 28 No. 6
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Hong and DebRoy Growth and dissolution kinetics of steel inclusions 453

6 Comparison of growth rates of Al
2
O
3
inclusions 8 TTT diagrams for dissolution of all oxide inclusions

between composition 1 and composition 2 considered in liquid alloy of composition 1

above which the inclusions experience dissolution. The higherMnO and SiO2 , the change of c* with reduction in tem- the equilibrium temperature of an inclusion, the higher itsperature exceeds the corresponding change of diffusion
stability. Several researchers presented theoretical and experi-coefficient and the change in concentration c* dominate
mental results on the relative stability of inclusions in lowthe kinetics of inclusion growth. Therefore, the C curve
alloy steels. For example, Hsieh et al.6 calculated the sequenceshapes of TTT diagrams for growth of MnO and SiO2 are of oxidation. Their result showed that the sequence dependednot as pronounced as for the other inclusions. It is observed
on the composition and temperature. Of the oxides theyfrom Fig. 5 that the equilibrium temperatures of the complex
considered, Al2O3 , Ti3O5 , and MnO.Al2O3 were calculatedoxides considered in this paper are intermediate between
to be most stable at higher temperatures in the low alloythe equilibrium temperatures of the constituent simple oxides.
steels. These relative stability values agree well with theFor example, the equilibrium temperature MnO.Al2O3 lies computed results in Fig. 7. However, their6 calculations didbetween those of Al2O3 and MnO. A similar behaviour is not consider some complex oxides. Dowling et al.21 studiedobserved for both SiO2.Al2O3 and MnO.SiO2 inclusions. the inclusions in submerged arc welds in low alloy steelsTo investigate the influence of alloy composition on the
using transmission electron microscopy and EDS. Theygrowth kinetics, Fig. 6 shows the comparison between the
found that MnO.Al2O3 , a titanium rich compound, and ankinetics of Al2O3 inclusion growth in liquid steels of com- aluminium rich phase (probably Al2O3 ) were the mainpositions 1 and 2. The growth rate of Al2O3 inclusions for constituents. Kluken and Grong3 studied inclusion formationcomposition 2 is much higher than that for composition 1.
in Al–Ti–Si–Mn deoxidised steel welds. The calculatedThis phenomenon can be explained from the calculated
stability of various oxides decreases in the following order:values of dimensionless supersaturation c* in these two
Al2O3 , Ti2O3 , SiO2 , MnO. The high stability of Al2O3 ,cases (Fig. 7). It is observed that c* for alloy 2 is much
MnO.Al2O3 , and Ti3O5 observed by these investigators ishigher than for alloy 1. It can be derived from equations
consistent with the computed TTT diagrams presented in(5) and (6) that the growth rate increases with the increase
Figs. 5 and 8.of c*. Therefore, the growth kinetics for alloy 2 is faster
Figures 9 and 10 shows the TTT diagrams for the growththan for alloy 1. Figure 8 shows the computed TTT diagrams
and dissolution of several nitride and sulphide inclusions,for the dissolution of oxide inclusions of different initial
respectively. It is observed that the equilibrium temperaturesradii for the composition 1. It indicates the time necessary
for the stability of FeS, Si3N4 , MnS, and TiN inclusionsto reduce the radii of inclusions from their original size r0 are much lower than for the corresponding metal oxides.to rf (1% of r0 in this plot) at different temperatures. The Other features of these plots are similar to those for thedissolution kinetics depends strongly on time and temperature,
oxide inclusions. Because of their low equilibrium temper-as can be observed.
atures, the sulphide inclusions cannot form in the low alloyIt is observed from Figs. 5 and 8 that there is an
steel weld pool where the temperatures are higher than theequilibrium temperature between the inclusions and steel
equilibrium temperature for these inclusions. However, they
can form during solidification of the weld metal. From

7 Comparison of dimensionless supersaturation of oxygen
9 TTT diagrams for growth of several nitride andc* at interface of Al

2
O
3
inclusions and liquid steels of

compositions 1 and 2 sulphide inclusions in liquid alloy

Ironmaking and Steelmaking 2001 Vol. 28 No. 6
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454 Hong and DebRoy Growth and dissolution kinetics of steel inclusions

where A is a constant10 equal to 1033 m−3 s−1, DG*hom is
the activation energy for the formation of the nucleus, DG
is the free energy change for reaction (1) described in the
text above and calculated using the data in Table 2, Vm is
the molar volume of the inclusion calculated from the
density and the molecular weight of the inclusions, s is
the interfacial energy of the inclusion10 taken as 0·5 J m−2,
and k is Boltzmann’s constant. As observed in Fig. 1, the
calculated homogeneous nucleation rate is very high. If
the nucleation rate was calculated considering heterogeneous
nucleation, the nucleation rate would be higher than the
rates presented in Fig. 1. The incubation time of nucleation
calculated from the nucleation rate13 is of the order of
10−8–10−4 s. This incubation time is much shorter than the
time necessary for the growth of inclusions presented in
this paper.

10 TTT diagrams for dissolution of several nitride and
sulphide inclusions in liquid alloy of composition 1
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