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Abstract

Heat mansfer and fluid flow during manual metal arc welding of low alloy steels were investi-
gated by solving the equations of conservation of mass, momentum and energy in three dimen-
sions. Calculated cooling rates were coupled with an existing phase transformation model to
predict the microstructure in low alloy steel welds. The computed results were found to be in
good agreement with the experimentally observed microstructures. The agreement indicates
significant promise for predicting spatial distribution of weld metal microstructure from the
fundamentais of transport phenomena.
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Introduction
The integrity and the performance of a welded joint depend on the weldment microstructure
and properties [1,2]. During welding, the interaction of the heat source and the material leads to
_ rapid heating, melting and vigorous circulation of the molten material in the weld pool. As the
heat source moves away from the molten region, solidification of the material takes place. The
resulting thermal cycle plays an important role in determining the weldment structure and
properties.

An accurate prediction of the thermal cycle in the weldment is a prerequisite for the prediction

of weld metal microstructures in various regions of the weldment. Direct accurate measure- .

ments of temperature profiles in a weld pool are difficult. Furthermore, noncontact techniques
for the measurement of temperature profiles in the weld pool are still evolving [3]. Earlier
models to calculate temperature time-history in the welds were based on the solution of conser-
vation of energy [4-6] and neglected the effect of fluid flow in the weld pool. Fluid flow in the
weld pool may affect the time-temperature history experienced by a weld metal.

In the past decade, significant progress has been made in the solution of equations describing
conservation of mass, momenturn and energy in the weld pool [7-12]. The role of Marangoni,
clectromagnetic and the buoyancy forces on the weld pool geometry has been investigated
[7.8]. The effect of surface active elements on the transient development of weld pool geometry
has also been examined in details [13]). Simple features of solidification structure such as sec-
ondary dendnte arm spacing have been predicted from the cooling rate data calculated from
fundamentals of transport phenomena [9]. These developments have provided significant in-
sight into the welding process. However, accurate transient temperature calculations from com-
prehensive fluid flow and heat transfer models have not been used to predict fusion zone mi-
crostructures. The work reported here was aimed at predicting weld metal microstructures us-
ing detailed three dimensional transient temperature calculations from a heat transfer and fiuid
flow model in the weld pool and phase transformation theories of low alloy steels.

Model Framework

Fluid Flow and Heat Transfer in the Weld Pool

Since the quality of the weld metal microstructure calculations depends on the accuracy of the
time-ternperature history, the equations of conservation of mass, momentum and energy were
solved in three dimensional forms. The welding process is transient when viewed in a station-
ary coordinate system (x,y.z). This transient problem can be transformed to a stcady state
problem by solving in a coordinate system that moves with the heat source (§,y,z). The details
of the transformation of transient equations of mass, momentum, and energy conservation in

the x,y,z coordinate system to the £.y.z coordinate system will be published elsewhere [14].
However, the final equations are given below.

Equation of Contiui
VY =0 . (1)

where V is the velocity vector and U, V and W are the x, y and z component of the velocity
vector, respectively. The material density, p. is assumed to be constant.

Momentum Equatjons
PV(V.V) = -VP + pv.(VV) + (S, - pV.(V,V)) 2
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where V, is the scanning velocity, {1 is the viscosity, P is the effective pressure and S, is the
source term that takes into account the combined effect of buoyancy force, F,, Marangoni

stress, T, and electromagnetic force, F,
Energy Equation
The technique used here to account for the phase change, has evolved from the work of Voller

and Prakash [15]. The total enthalpy of the material, H, is represented as a sum of sensible heat,
h= | deT. and latent heat content, AH. The energy equation is written in terms of the sensible

heat, h, as follows:
k -
P

where C, is specific heat, k is thermal conductivity, S, is the source term that takes into account

the heat input from the welding source and the convective and radiative heat loss and S, is the
source term that accounts for latent heat of melting and convective transport of latent heat and

is given by [15] :
S; = pV.(VAH) + pV.(V,AH) | (4)

where AH = F(T), the latent heat content, is defined as a function of the temperature and is
given by:

F(T):l{;‘-',lr")for'I;STST,.F(T)=LforT>T| and {T)=0for T<Ty (5)
1= 4

where L is the latent heat, T, is the liquidus temperature and T, is the solidus temperature.

The calculations were done only for half of the work piece, since there is 2 symmetry about
y=0 plane. Along the plane of symmetry, V and the gradients of U and W were defined as zero.
Since the weld pool surface was assumed to be flat, W was defined to be zero at the top sur-
face. The condition that the velocity is zero in the mushy region is accounted by making use of
enthalpy-porosity technique [15]. Assuming the Boussinesq treatment to be valid, density is
assumed constant. The natural convection effect is taken into account by defining the buoyancy

source term, S, to be:

Sy = peB(T~ Tey) ©
where [ is the thermal expansion coefficient of liquid and T_, is the reference temperature.

Since the temperature varies on the surface of the weld pool, a shear stress (Marangoni stress)
1s produced on the free surface. The effective tangential stress, 1, due to this effect on the free
surface was calculated as follows: :

dy
T= f,-‘ﬁVT (D
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where dy/dT is temperature coefficient of surface tension and {, is the liquid fraction. The f-] is
calculated from a relationship similar to the one presented in equation (5). The multiplication
of the shear stress with f, takes into account the decrease in the shear stress in the mushy region.

The source term, S,, was calculated by the formulation given by Kou et al. {10].

The source term for enthalpy equation, S,, considered the heat exchange between the surface of
the sample and the heat source including the radiative and convective heat joss to the surround-
ing {16]. Along the plane of symmetry, the gradient of enthalpy was zero. At the other surfaces
of the sample, the temperature was prescribed as the interpass temperature.

The governing equations were represented in a finite difference form and solved iteratively on
a line-by-line basis using Tri-Diagonal Matrix Algorithm (TDMA). The Semi-Implicit Method
for Pressure-Linked Equations (SIMPLE) algorithm was employed for the discreatization of
the equations. The details of the procedure are described elsewhere [17]. The model used 65 X
39 X 17 spatially non-uniform grids for the calculation of enthalpy and velocity.

Icylati re-Ti

From the steady state temperature field, obtained by the solution of transformed momentum
and enthalpy equation, temperature as a function of time at different locations (x,y,z) can be
calculated by the following relation:

Tx.y.2.t2} = T(&2.y.2)- T(ELy.2)
o e2-¢]
where T(E2,y,2) and T(§1.y,z) are the steady state temperatures at coordinates (£2,y,z) and
(£1,y,z), respectively, (§2 - £1) is the distance traveled by the arc in time (12 - t1), T(x,y,z,t1)
and T(x,y,z,12) are the temperatures at location (x,y.z) at times t]1 and t2, respectively.

- Phase Transformation Model

V(12 - t1)+ T(x,y,z,t1} (8)

The low alloy steel weld metal microstructure consists of various ferrite morphologies such as
allotriomorphic ferrite, Widmanstétten ferrite and acicular ferrite. The model developed by
Bhadeshia et al. {18] is capable of predicting volume percentage of above ferrite morphologies
for a given weld metal composition and welding process variables. This model calculates the
paraequilibrium phase boundaries, CCT {continuous cooling transformation) diagrams using
fundamentals of phase transformation theories of low alloy steels. The above calculations are
then used to predict the volume percentage of ferrite morphologies. However, Bhadeshia et al.
[18] used a semi-empirical approach 1o calculate the cooling rates in the fusion zone. In this
work the cooling rates calculated from the solution of eguations of conservation of mass, mo-
mentum and energy arc coupled with the phase transformation model developed by Bhadeshia
et al. [18] to predict the microstructure in the fusion zone.

E ‘ .
The coupled fluid flow, heat transfer and microstructure model described above was used to
predict microstructures for the experimental conditions published by Evans [19]. Evans has
measured the volume fractions of ferrite morphologies in the top bead of multi-pass welds with
different levels of V and Mn contents in Fe-C-Si low alloy steel welds. These weld beads were
deposited by manual metal arc welding process with following conditions: welding voltage 21

V, welding current 170 A, welding speed 0.0027 mv/s. and interpass temperature of 473 K. The
weld joint geometry was in accordance with 1SO 2560 joint [19]. For the above conditions,
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thermal histories at different Jocations in the weldment were predicted using the fluid flow and
heat transfer model. Application of the fluid fiow and heat ransfer model to manual metal arc
welding will be discussed in the next section. The calculated cooling rates and the experimental
austenite grain size data [19] were then used to caiculate the microstructure within the fusion

zone.
Resul 1Di .

Fluid Flow and Heat Transfer

The three dimensional steady state temperature ficld obtained by the solution of the equations
of conservation of mass, momentum and energy, for the welding condition of Evans [19], is
shown in Figure 1. In the calculation of temperature field, the energy distributions from the arc
and other sources such as metal droplets from the electrode, were coupled together and ex-
pressed in the form of an overall energy transfer efficiency. In view of the transport of large
number of metal droplets during welding, time average values of the energy transport, implicit
in our formulation, is thought to be justified. The complexity of the physical processes in the
manual metal arc welding may, in fact, require adjustments of energy density distribution dur-
ing the numerical simulation. Qur assessment of this effect, considering different energy distri-
bution, resulted in different peak temperatures and minor change in the weld pool geometry.
However, no significant difference in temperature-time history was observed in the range of
1100 to 700 K. The temperature time history in the range of 1100 to 700 K governs the micro-
~ structural development in Jow alioy steel weldments. Moreover, the weld pool size was found

to be similar to the experimental results of Evans [19]. Therefore, the application of the fluid
flow and heat transfer model to the manual metal arc welding process is justified.
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Fig 1. Calculated results: (a) three dimensional temperature distribution and velocity vectors on
{b) top surface, and (c) along the plane of symmetry. Sample dimensions are in cm.

The temperature ficld shows a typical elongated weld pool. The peak temperature attained by
the weld pool surface just below the arc was found to be 2490 K. In front of the heat source,
the temperature gradient is much higher than that behind the heat source. This resulted in
higher fluid velocities in front of the heat source. The temperature-time histories at (a) weld
centerline on the surface of the weld, (b) mushy (solid-liquid) zone, (c) an intermediate posi-
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Fig 2. Temperature-time histories at different locations within the sample. Liquidus and solidus
temperatures are also shown in the diagram.

tion between the weld centerline and mushy zone and in (d) heat affected zone are shown in
Figure 2. These results show that cooling rates, given by the slope of the curves, are different
~ at different locations.

M | Calculati

Microstructural development in low alloy steel welds depends on the austenite to ferrite trans-
formation kinetics and cooling rates experienced by the weld metal in the temperature range of
1100 to 700 K. To describe the cooling rates in the above temperature range, Svensson et al.
[20] used a semi-empirical approach. Svensson and co-workers measured the cooling rates, ex-
perimentally, by harpooning Pt, Pt-Rh thermocouples into the weld pool region. Then, they
fitted the experimentally measured cooling rates to the following equation:

ar _¢y(1-)"

dt qn (9

where C, and C, are adjustable constants, T is the temperature of interest, T, is the interpass
temperature, q is the net welding heat input per unit length and ) is the process efficiency. The
above method assumed that the constants C, and C, to be independent of welding conditions
and locations within the weld pool for a given welding process. Later on the eguation (9) was
used in the prediction of weld metal microstructure [18,20]. The above method may not be
valid in all conditions and cannot be used for predicting the microstructural distribution as a
function of location within the weld pool. However, the present work is capable of describing
the cooling rates as a function of position within the weld pool. Figure 3 shows the cooling
rates predicted by the present work as a function of temperature at various locations. The cool-
ing rates differ to a certain degree. The cooling rates experienced at weld centerline and at in-
termediate location are higher than the cooling rates experienced in the mushy zone. In con-
trast, the model by Svensson et al. [20] predicts a unique cooling rate variation.

The cooling rates predicied by the present work are used in calculating the volume percentages
of fermite morphologies in the fusion zone for various Fe-C-Mn-V steel weld compositions

79
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Fig 4. Comparison of calculated volume frac-
tions of ferrite morphologies with the
experimental values published by
Evans [19].

Fig 3. Cooling rates experienced at different
locations within the weld pool. The
cooling rates predicted by Svensson
et al.[20] model is shown for com-
parison '

given by Evans [19]. The calculations showed no significant difference in the microstructural
constituents at different locations within the fusion zone. The caiculated microstructural con-
stituents in the intermediate zone are compared with the experimentally observed values in Fig.
4. The comparison shows a good correlation between the experimental observation and the cal-
culated values and demonstrates the validity of the present work.

The above analysis showed no difference in the microstructural constituents at different joca-
tions due to a small change in the calculated cooling rate. However, in some high alloyed steels
such as Fe-C-Cr-Mo welds, a small change in the cooling rates may lead to a different micro-
structural development [21]. This is illustrated with an exampie. The cooling rate calculations
at various locations were applied to Fe-C-Cr-Mo (wt. %) weld. The results are presented in Ta-
ble 1. It has been reported that in cases where aliotriomorphic ferrite formation is completely
suppressed (e.g. at weld centerline and intermediate region), the acicular ferrite microstructure
may be replaced by bainitic microstructure [21]. The bainitic microstructure is deleterious to
~ the weld metal properties and must be avoided. However, by allowing small amount of allo-
tmomorphic ferrite formation, bainitic microstructure development can be suppressed and
acicular ferrite microstructure can be promoted which leads to strong and tough welds. Hence,
in the above example the weld properties at weld ceaterline and intermediate regions will be
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Tabie 1. Calculated microstructural constitutions at different Jocations within the weld pool
for Fe-0.07C-0.45Si-1.0Mn-0.5Ni-1.0Mo-2.25Cr (wt.%) weld.

Ferrite Volume % ;?g

Location Allotriomorphic | Widmanstiitten Acicular *
Centerline 0 0 100+ L3
Intermediate 0 0 100t -

Mushy Zone 1 S 84 -

tin these cases, the microstructure consists of mixture of acicular ferrite, bainite and oo

martensite.




inferior to the weld properties at the mushy zone. The above results demonstrate that the pres-
ent work can be used to predict the microstructural distribution within the fusion zone as a
function of position and also in determining the crucial changes in microstructure development.

Summary and Conclusions
A numerical computational mode) to describe the heat transfer and fluid flow in welds has been
developed. The fluid flow and heat transfer model predicted a small variation in the cooling
rates at different locations within the fusion zone. The heat transfer and fluid flow model was
coupled with an existing phase transformation model to describe the microstructure develop-
ment in Fe-C-Mn-V low alloy steel welds. The computed microstructural results are found to
be in good agreement with the experimentally observed microstructure. This agreement indi-

cates significant promise for predicting the spatial weld metal microstructure distribution by
coupling the fundamentals of transport phenomena with the phase transformation models.
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