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Model for inclusion formation in
low alloy steel welds

S. S. Babu, S. A. David, J. M. Vitek, K. Mundra, and T. DebRoy

solidification (in the approximate temperature range
1800–1700 K), sulphides may form in addition to oxides.Oxide inclusion formation in low alloy steel welds is
In later stages of weld cooling, in the solid statedescribed with a model as a function of weld metal
(~1700–1000 K), nitrides may form heterogeneously oncomposition and process parameters. T he model was
the pre-existing oxide inclusions.6 Further cooling belowdeveloped by coupling thermodynamic and kinetic
1000 K leads to solid state decomposition of austenite toconsiderations. T hermodynamic calculations considered
different ferrite morphologies. These reactions occur over athe eVect of the alloying elements and kinetic equa-
specific temperature range and the extent of these reactionstions allowed, describing oxide formation during weld
depends on kinetics as well as thermodynamics. Therefore,

cooling. T he model showed that weld cooling rate
the present work considers both weld metal composition

influences the inclusion characteristics and therefore
and weld cooling rate.

must be taken into consideration. T his inclusion model
In earlier studies by other investigators,7–10 inclusion

is capable of predicting the composition, size, number
formation was related to the weld metal composition and

density, and oxidation sequence of inclusions and was
the standard free energy of formation of various oxides.

verified with published data. T he inclusion model was In the original work of Kluken and Grong,7 sequential
coupled with numerical heat transfer and fluid flow oxidation in the order Al2O3 , Ti2O3 , SiO2 , MnO was
models to extend the model to a wide range of welding assumed. This sequential deoxidation was originally pro-
process conditions. posed by Bailey and Pargeter.8 Other researchers have

used a similar approach.9 Later, Bhadeshia and Svensson10
Dr Babu, Dr David, and Dr V itek are in the Metals applied the same method to predict inclusion composition
and Ceramics Division, Oak Ridge National L abor- as a function of weld metal composition. However, in all of
atory, Oak Ridge, T N 37831–6095, USA, Dr Mundra the above mentioned studies, the effect of actual weld metal
is with General Electric, 1 Research Circle, Nisakayuna, composition on oxide formation was ignored. As a result,
NY 12309, USA, and Professor DebRoy is in the the sequence of oxidation remained the same regardless of
Department of Materials Science and Engineering, the concentration of alloying element.
Penn State University, 212 Steidle Building, University To overcome this limitation, Babu et al.11,12 developed a
Park, PA 16802, USA. Manuscript received 1 December methodology to describe inclusion formation in low alloy
1998; accepted 11 January 1999. steel welds by coupling the thermodynamics of oxide

formation with overall transformation kinetics principles.
© 1999 IoM Communications L td. Later, Hsieh et al.13 used ThermoCalc14 software to describe

the complex oxide formation as a function of weld metal
composition without considering the kinetics. Koseki
et al.15 described inclusion formation in liquid steel, during
solidification and in the solid state, by considering multi-

INTRODUCTION
component and multiphase equilibrium thermodynamics.

The relationship between acicular ferrite and improved low However, they ignored kinetic considerations. Therefore, in
alloy steel weld metal properties is well established.1–4 It these latter two studies,13,15 the oxidation sequence for a
is also known that acicular ferrite formation depends on particular weld composition remained the same regardless
inclusion characteristics, solidification conditions, austenite of the weld metal cooling conditions. This is a serious
grain structure, austenite to ferrite transformation kine- limitation which reduces the applicability of such models
tics, and weld cooling conditions.5 There exists extensive to a wide range of welding conditions.16 In addition, these
research on the effect of these parameters on acicular ferrite models are not capable of predicting the inclusion number
formation. However, an integrated weld model that is density.
capable of quantifying all these interactions as a function However, the earlier work of Babu et al.11 showed
of welding process parameters (such as welding voltage, that oxidation sequence and inclusion formation depend
current, speed, shielding environment, etc.) and weld metal strongly on the weld metal composition, the reaction
composition (concentrations of, for example, oxygen, nitro- temperature, and the weld cooling conditions. Later, Babu
gen, aluminium, titanium, silicon, etc.) is not available. et al.12 illustrated some preliminary calculations of inclusion
The present paper addresses this need and focuses on the characteristics using the above methodology. The present

paper extends the work of Refs. 11 and 12, to describe:development of a model for inclusion characteristics such
(i) development of an integrated inclusion model thatas number density, size, composition, oxidation sequence,

considers the reactions in the liquid steel duringvolume fraction, and concentration of residual deoxidiser
weld cooling (2300–1800 K)elements.

(ii ) the effect of modified weld cooling conditions onThe inclusions that exist in low alloy steel welds are
inclusion formationmostly heterogeneous oxides with small amounts of

(iii ) the results of integrating the inclusion model withsulphides and nitrides. These inclusions form owing to
coupled fluid flow and heat transfer models.complex reaction sequences that occur during weld cool-

ing (Fig. 1). In the temperature range 2600–1800 K, de-
INCLUSION MODEL DEVELOPMENToxidation reactions prevail in liquid steel, i.e. reactions

between dissolved oxygen and deoxidiser elements such Although much of the background for the development of
this model has been discussed in the previous work,11,12 theas aluminium, titanium, silicon, and manganese. During
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solidification, which will be dealt with in another paper. In
a typical calculation of inclusion formation, liquid steel and
Al2O3 equilibrium is calculated first. Then, the equilibrium
between liquid steel and Ti3O5 is calculated. This is repeated
for all the oxides and other phases such as AlN and MnS.

However, this approach introduces an ambiguity as far
as selecting the phase that is first to form. To remove
this ambiguity, the phase forming first is determined by
the magnitude of the driving force for formation DG. For
example, the driving force for an oxidation reaction
represented by xM+yO=M

x
Oy is given by

DG=DG0+RT ln(aM
x
O
y

/axMayO) . . . . . . . (1)

where T is the temperature in kelvin, R is the gas constant,
DG0 is the standard free energy of oxide formation, aM

x
O
y

TIME, s
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E
, K

is the activity of the oxide, and aM and aO are the activities
1 Typical weld metal thermal cycle showing different of the dissolved deoxidiser and oxygen respectively in the

regions of reactions requiring consideration in developing liquid steel. Further details can be found in Ref. 11. Similar
generalised inclusion model equations are used for nitride and sulphide reactions. The

first phase to form is the phase with the largest value for
DG. Furthermore, the phase forming first is assumed to

present paper describes the methodologies and specific nucleate homogeneously.
assumptions used in developing an integrated weld inclusion
model. In this model, the formation of simple oxides such

Application of overall oxidation kinetics to continuousas Al2O3 , Ti3O5 , Ti2O3 , TiO2 , TiO, SiO2 , and MnO was
coolingconsidered, as well as formation of AlN and MnS.
The extent of oxide formation at a particular temperatureIn addition, one of the complex oxides, MnO.Al2O3 , was
f can be estimated by using the overall reaction kineticsalso considered in the model. The formation of other
equation11complex oxides, such as MnO.SiO2 , 2MnO.SiO2 , and

2SiO2 .3Al2O3 , was not considered in the present study. f=1−exp{−[(ciM−cilM )/(clM−cilM)]Ivol(8p/15)(a*3 )3t5/2}
However, these oxides could easily be added to the model . . . . . . . . . (2)
at a later stage. Various issues related to different stages

where ciM and cilM are the equilibrium concentrations (inof the inclusion model development are discussed in the
mole fraction) of the deoxidiser element in the inclusionsections below.
and in the liquid at the liquid iron/inclusion interface
respectively, clM is the nominal concentration (in mole

Equilibrium calculations for kinetic descriptions fraction) of deoxidiser in the liquid far away from the
When calculating thermodynamic equilibrium between inclusion/liquid interface, (clM−cilM)/(ciM−cilM ) is the equil-
liquid steel and inclusions, it is necessary to consider all ibrium volume fraction of the considered oxide (for
the oxides, sulphides, and nitrides in liquid steel. The complex oxides such as MnO.Al2O3 it is assumed that
equilibrium at a particular temperature must be calcula- the manganese flux matches the flux of aluminium,
ted with a minimum free energy criterion. This type of an assumption needed to simplify the multicomponent
calculation will yield various fractions of oxides, sulphides, diffusion considerations and also the lack of diffusivity data
nitrides, and liquid steel, each with different compositions, for various elements in liquid steel), Ivol is the nucleation
and can be performed with thermodynamic software rate per unit volume, a*3 is the parabolic thickening rate
such as ThermoCalc.14 However, the extension of such of the oxide, and t is the time of reaction at a partic-
thermodynamic calculations to encompass kinetic con- ular temperature. The growth rate calculations assume a
straints on the simultaneous formation of various phases temperature independent, constant diffusivity for all of the
needs to be developed. elements in liquid steel. This is necessitated by the lack of

During weld cooling, many phases (oxides, sulphides, and experimental data on elemental diffusivity in liquid steel
nitrides) can form simultaneously and the kinetics of one in the temperature range 2300–1800 K. Details of the
phase can interfere with the kinetics of the other phases. calculation for nucleation rate and growth rate are given
There are no established methods to consider such sim- in Ref. 11, although the expressions are given below. The
ultaneous reaction kinetics. Recent work has shown that homogeneous nucleation rate (in some welding processes
simultaneous reaction kinetics can be handled with modi- with metal transfer from electrodes insufficient melting may
fied Johnson–Mehl–Avrami type equations.17 However, lead to injection of particles from the electrode which may
parameters for this approach require experimental data, act as heterogeneous nucleation sites) of an oxide in liquid
which are not available for reaction kinetics in liquid steel. iron Ivol can be calculated from
Therefore, in the present inclusion model, the following

Ivol=A exp(−DG*hom/kT ) . . . . . . . . . (3)assumptions were made.
At a particular temperature, the thermodynamic where DG*hom is the activation energy for the formation of

equilibrium between liquid steel and one phase only is the oxide nucleus, k is Boltzmann’s constant, T is
considered at a particular time, ignoring the effects of other temperature in kelvin, and A is a pre-exponent factor. The
phases. With this assumption, the free energy of formation value of A was assumed to be constant and equal to
and equilibrium interface concentrations for the phase being 1033 m−3 s−1.11 The activation energy for nucleation of the
considered can be calculated. The phases are assumed to oxide is given by
be stoichiometric. The effects of all the alloying elements

DG*hom= (16ps3/3DG2v ) . . . . . . . . . . (4)
(C, Si, Mn, S, Cr, Mo, Ni, Al, Co, Cu, N, Ti, V, W, Zr, and
O) to calculate the individual activities of each element. where s is the inclusion/liquid iron interfacial energy and

DGv is the free energy change per unit volume of the oxideTherefore, the approach is consistent with multicomponent
thermodynamic calculations between two phases. It is (=DG/Vm where Vm is the molar volume of the oxide).

In the following calculations the inclusion/liquid ironnoteworthy that the present paper considers the reactions
only in the liquid phase and does not take into account interfacial energy was assumed to be constant (s=
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278 Babu et al. Inclusion formation in low alloy steel welds

that have formed first during weld cooling.11 As a result,
pure phases such as Al2O3 and TiO2 are not observed
separately in the weld metal region. Therefore, the inclusion
model needs to consider the heterogeneous nucleation of
phases on the first formed oxide. This was achieved by
equating the number density to the integrated nucleation
rate of the first formed oxide

NV= ∑
T=T
final

T=T
start

IvolT DtT . . . . . . . . . . . (6)

where IvolT is the homogeneous nucleation rate of the first
forming oxide, DtT is the time spent at temperature T, Tstart
is the temperature at which the first oxide starts to form,
and Tfinal is the temperature at which the extent of reaction
reaches 0·9 for the first oxide. Once formation of the first
oxide is complete, the final number density of inclusions is
fixed by equation (6).

This particular step needs detailed discussion. Hetero-
geneous nucleation Ihet is given byTIME, s

V
O

LU
M

E
 F

R
A

C
T

IO
N

Ihet=B exp(−DG*het/kT ) . . . . . . . . . . (7)2 Schematic illustration of additive rule method used to
calculate oxidation kinetics during continuous cooling where B is the frequency factor and DG*het is the activation

energy for heterogeneous nucleation. The value of DG*het is
given by

0·5 J m−2). The parabolic thickening rate constant a*3 is
DG*het=DG*hom f (h ) . . . . . . . . . . . . (8)given by

where h is the contact angle of the nucleus on the substratea*3=[2DM(clM−cilM)/(ciM−cilM )]1/2 . . . . . . . (5)
on which nucleation occurs and f (h ) is given by

provided that (clM−cilM )/(ciM−cilM)%1 and where DM is the
f (h )= (2+cos h )(1−cos h)2/4 . . . . . . . . (9)diffusivity of the deoxidiser (1×10−8 m2 s−1 ).

To model the reactions during continuous cooling, Since most of the information needed by equations (8)
additivity of volume fractions is assumed and the and (9) is not readily available, the present model takes
calculations are modified accordingly. This calculation f (h )=0. This assumes complete wetting of phases that
methodology is illustrated in Fig. 2, where the change form later and the first forming oxide.11 This reduces the
in volume fraction of a particular oxide as a function heterogeneous nucleation rate so that it is equal to the
of temperature T (T1>T2>T3>T4 ) during continuous frequency factor B in m−3 s−1. The frequency factor should
cooling is shown. The continuous cooling is broken into be related to the number of available nucleation sites, which
discrete time steps at discrete temperatures, T1 , T2 , T3 , is the integrated nucleation rate of the first forming oxide
and T4 . The extent of the isothermal reaction within time t1 or NV in m−3, represented by
at temperature T1 is calculated. Using equation (2), an

Ihet=B=gNV . . . . . . . . . . . . . (10)
equivalent reaction time at T2 is determined and then the

where g is the rate factor at which these nuclei becomereaction is allowed to proceed isothermally for time t2
active and has dimensions s−1. The choice of the value forat temperature T2 . This process is repeated as cooling
g is rather arbitrary so it is assumed to be 1 s−1. It iscontinues. The overall reaction path during continuous
noteworthy that this value can be chosen such that Ihet iscooling is shown by OA–BC–DE–FG in Fig. 2. This type
high or low compared to the value of A used in equation (3).of calculation is necessary because the maximum extent of
Therefore, the sensitivity of the calculations to this valuereaction may be different at each temperature.
was evaluated later and the value of 1 s−1 was found to beIn this model, the completion of a particular reaction is
the most appropriate. In the subsequent calculations, thedetermined by the extent of the reaction. Ideally, the extent
nucleation rate of all other oxides, sulphides, and nitridesof reaction should reach 1 for completion. However,
is equated to Ihet , given by equation (10).equation (2) is not valid for the last stages of reaction when

This approach attempts to model heterogeneousthere is a diffusion field overlap. Therefore, the reaction is
nucleation on the surface of the first formed oxide. Withassumed to be complete once the extent of reaction reaches
an estimate of the number density NV and the volume0·9, i.e. as soon as f reaches 0·9, it is taken to be 1. Once
fraction of the average inclusions Vf , the average inclusionthe reaction is complete for a particular oxide at Tfinal , the
radius rinc can be calculated using the relationresidual liquid steel concentration for the deoxidiser element

and oxygen is reset to the equilibrium concentration Vf=NV (4/3)p(rinc )3 . . . . . . . . . . . (11)
calculated at Tfinal . These calculations are repeated for the
whole temperature range and the extent of formation of

Calculation of weld cooling curvevarious oxides during weld cooling is evaluated. The accrued
To calculate the overall kinetics during weld cooling, thevolume fraction of all the phases is taken as the final volume
inclusion model needs an estimate of the thermal coolingfraction Vf of inclusions. The relative compositions of the
curve for the weld metal region in the temperature rangeoriginal and the final liquid allow an ‘average’ inclusion
2300–1800 K. The analytical equation developed by Ioncomposition to be calculated.
et al.,18 which describes the temperature variation in a weld
as a function of welding parameters, location in the

Calculation of inclusion number density and size transverse section (y, z), and time, is
The overall kinetic calculations described above consider
the formation of individual phases during continuous T =T0+A q/v

2pl[t(t+t0 )]1/2
cooling. To estimate the overall number density NV of these
phases the nucleation events of all the phases could simply
be integrated. However, it is known that the later inclusions ×exp G− 1

4a C(z+z0 )2
t

+
y2

t+t0
DHB . . . . (12)

form by preferential heterogeneous nucleation on the oxides
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3 Comparison of weld metal cooling curves predicted
by equation (12) with and without modified thermal
diffusivity and using various parameters given in Table 1:
welding parameters are voltage 30 V; current 450 A;
speed 2·6×10−3 m s−1; preheat temperature 293 K,
yielding heat input 5·2 kJ mm−1

where T0 is the preheat temperature, q is the net heat input
in joules, v is the welding velocity in m s−1, l is the thermal
conductivity in J s−1 m−1 K−1, t is the time in s, y is the
distance along the width of the plate, z is the distance along
the thickness of the plate, a is the thermal diffusivity in
m2 s−1, and t0=r2B/4a and z0=[(rB/e) (parB/v)]1/2 where rB
is the radius of the heat source in m. Typical constants used
for the inclusion cooling curve calculations are given in
Table 1. It is known that the above equations do not
consider the effect of convective heat transfer owing to fluid
flow in the weld metal. The convective heat flow corresponds

4 Flow chart of integrated inclusion model showingto an equivalent enhanced thermal conductivity of liquid
steel. Therefore, in the present work, the l value was calculation steps
enhanced by a factor of 2·25, chosen based on the work of
Mundra et al.19 Figure 3 compares the effect of using

Mundra et al.19 for a few conditions. Specimen geom-enhanced thermal conductivity on a typical weld cooling
etry, thermophysical parameters, weld metal composition,curve estimated by equation (12). The calculated weld
and welding process parameters are given as inputs tocooling curves were then used with the overall oxidation
the numerical heat transfer and fluid flow model, whichkinetics model.
calculates thermal cycles. Calculated thermal cycles and
the weld metal composition are taken as the inputs to

Weld cooling curve calculation with heat transfer and
the inclusion model and the inclusion characteristics are

fluid flow model calculated.
Equation (12) considers only conductive heat transfer. The
effect of convective heat transfer is considered by including

Integrated inclusion model with weld cooling curvesan enhanced thermal conductivity. However, this may not
The calculation steps in the overall inclusion model arebe applicable in all welding conditions. Ideally, weld thermal
shown in Fig. 4. The calculation starts with the creation ofhistory calculations that consider conductive and convective
a cooling curve as a function of welding process parametersheat transfer more rigorously should be used. This would
using equation (12) or with the heat transfer and fluid flowenable the inclusion model to be applied to a wide range
model. Weld metal composition is then added as inputof welding processes and welding parameters. As a
to the model. Calculations are started at 2300 K. At thispreliminary evaluation, the inclusion model was coupled
temperature, for most of the low alloy steels, only the liquidwith a heat transfer and fluid flow model developed by
phase is stable. At each temperature step, the calculations
evaluate the mole fraction and activity of dissolved elements

Table 1 Physical constants and assumed values for various in the liquid steel as well as the free energy of formation
parameters used in equation (12)* and equilibrium concentrations for various liquid steel–

oxide, liquid steel–AlN, and liquid steel–MnS reactions.
Constants and variables Value Based on the DG values, the type of oxide, sulphide, or

nitride that forms can be deduced. The nucleation rate,
Thermal conductivity of iron l 41·0 J s−1 m−1 K−1 growth rate, and extent of reaction for each phase are
Volume thermal capacity rC 4·5×106 J m−3 K−1 calculated. This was repeated for each temperature step
Thermal diffusivity a=l/rC 9·0×10−6 m2 s−1

until the extent of a particular oxide reaction reached 0·9.
Radius of heat source rB 1×10−3 m

Once this condition is satisfied for the first forming phase,Location† y, z 20×10−6 m
the final inclusion number density is set to the integrated
nucleation rate of the first forming phase, as mentioned*Other welding parameters such as q, v, and T0 are user input to
above. Moreover, the liquid steel concentrations are resetthe equation.
to new levels accounting for the completion of this first†Location chosen such that the peak temperature at this location

exceeds 2300 K, the dissolution temperature of Al2O3 . oxide reaction. With the reduction in temperature, the

Science and Technology of Welding and Joining 1999 Vol. 4 No. 5
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NUMBER OF COMPLETED REACTIONS

T
E
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R

A
T

U
R

E
, K

Al2O3

MnO.Al2O3

Al2O3

MnO.Al2O3

Ti2O3

Ti2O3

SiO2SiO2

MnO.Al2O3

Ti3O5

Ti2O3

# C1; $ C9

6 Predicted progression of reaction for weld compositions
C1 and C9 in Table 2

As in the earlier work,11,12 the inclusion model was
applied to the experimental results of Kluken and Grong.7O CONTENT, wt-%

A
l C

O
N

T
E

N
T,

 w
t-

%

Liquid phase
region

Liquid phase +
Al2O3 region

The experimental compositions examined are given in6 ThermoCalc; CC present work
Table 2. Weld cooling curves were calculated using

5 Comparison of calculated phase boundary between liquid
equation (12) (see Fig. 3). Representative oxidation seq-

steel and Al
2
O

3
in Fe–Al–O ternary system at 1800 K

uences for two welds, C1 and C9, are compared in Fig. 6,
obtained from present inclusion model with that from

which shows the temperatures at which various oxide
ThermoCalc14

reactions were completed, i.e. when f=0·9. Duplicate
points, such as those for Ti2O3 in C9, indicate that formationextent of reaction of other phases is calculated, with the
of Ti2O3 was completed at a given temperature (f=0·9)heterogeneous nucleation condition as described above.
and that additional Ti2O3 formed later as temperatureAs other reactions are completed, the liquid concentrations
dropped and the composition changed following completionare reset to new levels. All the reactions during cooling
of the earlier inclusion formation. In all welds Al2O3 wasare recorded during calculations. Once the temperature
the first forming oxide. Figure 6 shows that Ti2O3 formsreaches 1800 K, the calculations are stopped and inclu-
over a wider range of temperatures in weld C9 comparedsion characteristics summarised.
with weld C1. This is obviously a result of the high titanium
concentration in the C9 weld. However, Ti3O5 did not form

RESULTS AND DISCUSSION in weld C9. Although the silicon concentration is higher in
Application of inclusion model C9 than in C1, the calculations showed an absence of SiO2

formation in C9 while it did form in C1. The above resultsAs a first step, the reliability of calculating the equilibrium
between liquid steel and various oxides was evaluated. can be traced to the relative phase stability between oxides

and show that the inclusion model is quite sensitive to weldFigure 5 compares the calculated phase boundary between
liquid steel and Al2O3 in the Fe–Al–O system at 1800 K metal composition, which is reflected in the oxidation

sequence.determined by the equilibrium thermodynamic description
in the present inclusion model with ThermoCalc.14 The For all of the welds, the inclusion model did not predict

the formation of MnS or AlN. This is attributed tocalculations agree well with each other and establish
confidence in the present inclusion model. insufficient supersaturation of sulphur and nitrogen in the

Table 2 Weld metal compositions of submerged arc welds*: after Kluken and Grong,7 wt-%

Alloy

Element C1 C2 C3 C4 C5 C6 C7 C8 C9

C 0·09 0·09 0·1 0·1 0·09 0·09 0·09 0·1 0·09
Si 0·48 0·55 0·69 0·52 0·58 0·69 0·53 0·62 0·62
Mn 1·86 1·84 1·88 1·87 1·95 1·97 1·9 1·92 1·78
S 0·01 0·01 0·01 0·007 0·009 0·009 0·008 0·01 0·007
Cr 0 0 0 0 0 0 0 0 0
Mo 0 0 0 0 0 0 0 0 0
Ni 0·05 0·07 0·06 0·08 0·06 0·06 0·09 0·07 0·07
Al 0·018 0·02 0·028 0·041 0·037 0·044 0·062 0·062 0·053
Co 0 0 0 0 0 0 0 0 0
Cu 0·02 0·03 0·03 0·06 0·03 0·03 0·03 0·03 0·08
N 0·005 0·005 0·008 0·005 0·005 0·006 0·005 0·005 0·006
Ti 0·005 0·025 0·063 0·005 0·022 0·058 0·008 0·032 0·053
V 0·02 0·02 0·02 0·01 0·02 0·02 0·02 0·02 0·01
W 0 0 0 0 0 0 0 0 0
Zr 0 0 0 0 0 0 0 0 0
O 0·034 0·037 0·035 0·03 0·039 0·04 0·032 0·031 0·031
Fe Bal. Bal. Bal. Bal. Bal. Bal. Bal. Bal. Bal.

*Welding parameters: voltage 30 V, current 450 A, speed 2·6×10−3 m s−1.
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a volume fraction estimations from inclusion model and empirical relation; b number density, showing calculations with original and
enhanced (2·25l) thermal conductivity; c inclusion diameter; d inclusion composition

7 Comparison of predicted and measured data from Ref. 7

liquid steel. By increasing the concentration of sulphur and measurements. The number density estimations depend
strongly on the weld cooling rate. Variation in NV for thenitrogen, these compounds can be forced to form at low

temperatures. The supersaturation of these elements in the welds with two different weld cooling curves (see Fig. 3) is
compared. The calculated NV values for the weld coolingliquid steel may also be enhanced by partitioning during

solidification of ferrite, which is not considered in the curve with the original thermal conductivity were found to
be lower than those for the weld cooling curve with thepresent work.

The calculated inclusion characteristics, volume fraction, modified thermal conductivity. The enhanced thermal
conductivity l predicts values in closer agreement withnumber density, diameter, and inclusion composition, for

the welds are compared with the experimental data in the experimental measurements and therefore using an
enhanced l value seems to be a useful means of com-Fig. 7. The volume fraction of inclusions (Fig. 7a) compare

fairly well with the experimental data. Traditionally, pensating for thermal convection that is not considered
in the analytical expression. Given the approximate naturethe volume fraction of inclusions was estimated as a func-

tion of oxygen concentration based on extensive data of the analytical expression for the weld cooling curve, the
predictive capability of the model seems fair.(Vf≈0·05 wt-%O).20 These estimates are also shown in

Fig. 7a. The predictions of both methods are comparable, Since the first forming oxide in all the welds was Al2O3 ,
the number density calculation is related to the nucleationwhich shows the validity of the inclusion model for

estimating the volume fraction of inclusions. rate of Al2O3 . For example, even with a high titanium
concentration, the first forming oxide in the C9 weld wasValues of calculated number density of inclusions NV are

compared with experimental data in Fig. 7b. The error Al2O3 . Therefore, for a given concentration of aluminium
and oxygen, the variation of titanium concentration maybars correspond to ±10% error in the experimental
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8 Variation of calculated square of difference between
predicted and experimental inclusion composition with
rate factor in equation (10): plot shows rate factor of 1
gives lowest error

not induce large changes in NV since it will be controlled
by the Al2O3 nucleation rate. The calculated inclusion
diameters also compare fairly well with experimental data
(Fig. 7c). The diameter estimations are directly linked to
the number density and volume fraction calculations as
discussed above. Therefore, the accuracies of the estimations
are all interrelated.

The calculated inclusion compositions (i.e. the concen-
trations of aluminium, titanium, silicon, and manganese)
are compared with the experimental data from Ref. 7 in
Fig. 7d. The plot again shows a fair correlation. For all
cases, the manganese contribution to inclusions is a result
of the formation of MnO.Al2O3 . The calculations indi-
cate no MnO formation. In many cases, the calculated
silicon concentrations in the inclusions were zero. This is
attributed to the inability of the inclusion model to consider
the formation of complex MnO.SiO2 (rhodonite) during
solidification.

Analysis of model calculations showed that the inclusion
compositions were sensitive to the assumed value for the
rate factor g (=1 s−1) of heterogeneous nucleation on the
first forming oxide. Therefore, a sensitivity analysis was Al CONTENT IN WELD, wt-%
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carried out to estimate the errors in the composition # experimental; $ calculated
estimation for different rate factors (ranging from 0·01 to a of Ti in solid solution; b of Al in solid solution
100). The calculations showed that if the rate factor is low 9 Comparison of predicted and experimental residual
(e.g. 0·01), the inclusion composition is rich in aluminium concentration
and titanium, indicating the predominant presence of Al2O3
and TixOy type oxides. However, if the rate factor is high
(e.g. 100), the concentration of manganese and silicon

an overprediction of aluminium in solution and a fair
increased, indicating the promotion of low temperature

correlation with titanium in solution. This suggests that in
oxides such as SiO2 and MnO. This is an expected result

the experimental welds of Kluken, excessive formation of
because having a low value of g decreases the oxidation

Al2O3 had occurred in comparison with the calculated
kinetics of low temperature oxides such as MnO and SiO2 . values. However, the present calculations of aluminium
In contrast, a large g value promotes the kinetics of low

concentration in the actual inclusions seem to show
temperature oxides. However, to choose a rate factor value

fair correlation (Fig. 7d) with the measured values. This
for further calculations, it is necessary to compare the errors

discrepancy may be related to the precipitation of AlN. The
of prediction (i.e. (experimental composition−predicted

amount of aluminium in solution will decrease with AlN
composition)2) with different rate factors. This comparison

formation during solidification and during subsequent weld
is shown in Fig. 8, which indicates that the errors are

cooling in the solid state. The capability to calculate the
minimal when the rate factor is taken as 1 s−1.

aluminium and titanium in solid solution is critical for
The calculated residual concentrations of aluminium and

evaluating their effect on the solid state decomposition of
titanium in the liquid (which ends up as solid solution in

austenite to ferrite.
the matrix) at the end of the deoxidation reaction are
compared with experimental data from Kluken21 in Fig. 9.

Coupled heat transfer, fluid flow, and inclusion modelBoth calculations and experimental values show an increase
in residual concentrations with an increase in the bulk To test the coupled heat transfer, fluid flow, and inclusion

model, the cooling curves for welds in Table 3 were cal-concentration in the weld. Although the calculations do not
match the experimental values, the expected trends (increase culated using the numerical heat transfer and fluid flow

model.19 The coupled model was used to evaluate theof concentration in solution with increase of concentration
in weld) can be seen. However, the calculations show sensitivity of the predictions to the variations in heat input
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TIME, s
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E
, K

HT: predicted by heat transfer and fluid flow model of
Mundra et al.;19 A: predicted by analytical model with
enhanced thermal conductivity

10 Weld cooling curves for submerged arc welds with three
heat input values

(1–8 kJ mm−1). The weld cooling curves predicted by the
heat transfer and fluid flow model are shown in Fig. 10.
The plot also shows the predicted weld cooling curves from
the analytical model (equation (12)). The cooling rate values
from the analytical equation were found to be larger than
those of the heat transfer and fluid flow model. However,
both methods show the expected increase in cooling rate
with a decrease in the heat input. The variation of predicted
inclusion number density and diameter are compared with
the experimental data in Fig. 11, which shows agreement
with the experimental trends. Inclusion diameter increased
with an increase in weld heat input and inclusion number
density increased with a decrease in weld heat input. The
experimental weld compositions (Table 3) in this analysis
are more or less similar. Therefore, the increase in the
number density of inclusions with low weld heat input is
mainly a result of the increase in the cooling rate. Rapid
cooling conditions force the first forming oxide to form
at much lower temperatures than under slow cooling HEAT INPUT, kJmm—1
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conditions. Since the nucleation rate increases exponentially
# experimental; $ heat transfer and fluid flow model;

with decreasing temperature, an increase in inclusion
& analytical weld cooling curve model
a inclusion number density; b diameter

Table 3 Weld metal compositions and welding parameters 11 Comparison of given parameters from coupled
of submerged arc welds (series 4) with varying heat transfer, fluid flow, and inclusion model with
welding heat input: after Kluken and Grong7 experimental measurements from Refs. 7 and 21

C18 C19 C20

number density is found for rapid cooling conditions.
Content, wt-% Moreover, the plot also shows that the predicted inclusion

C 0·09 0·08 0·08 characteristics from the analytical equations are better than
Si 0·7 0·77 0·75 those from the heat transfer and fluid flow model. At first,
Mn 1·89 1·96 1·91

this result dispels the need for sophisticated heat transfer
S 0·006 0·005 0·006

and fluid flow models to estimate the weld cooling curve.Cr 0 0 0
Although this may be valid for the heat input levels usedMo 0 0 0
in the present work, other recent work has shown that theNi 0·1 0·06 0·08
analytical equations do not give satisfactory predictionsAl 0·028 0·023 0·026

Co 0 0 0 of inclusion characteristics. The discrepancy was found
Cu 0 0·03 0·04 for rapid cooling conditions in laser and electron beam
N 0·006 0·006 0·007 welds.16 Therefore, further work is needed to evaluate the
Ti 0·058 0·043 0·046 coupled heat transfer, fluid flow, and inclusion model over
V 0·02 0·02 0·02

a wide range of welding conditions and processes.
W 0 0 0

Although the results of the inclusion model compareZr 0 0 0
fairly well with the experimental measurements, the modelO 0·022 0·03 0·029
needs further improvements. First, the inclusion modelFe Bal. Bal. Bal.
presently does not consider the effects of collision and

Voltage, V 30 30 30
coalescence of inclusions in the liquid weld metal. Recent

Current, A 800 400 300
work by Babu et al.22 has shown that, in the presence ofSpeed, mm s−1 3 4 9
fluid flow gradients and large residence times, the inclusionsHeat input, kJ mm−1 8 3 1
can collide with each other and may coarsen rapidly. This
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