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Trends in Microstructure Modeling in Weld Metals*

S. A. David, S. S. Babu, and J. M. Vitek

Metals and Ceramic Division, Oak Ridge National Laboratory
Oak Ridge, TN 37831-6096, USA

ABSTRACT

Various physical processes, such as thermochemical reactions in liquid,
solidification, and solid state transformations, control the microstructure develop-
ment in weld metals. Some fundamental knowledge of the effects of these physical
processes on weld microstructure development already exists. However, generalized
and integratedmodels encompassing the current understanding are just evolving. Such
models are neededin the design of successful welding procedures fornew alloy systems
and advanced materials. The principles, methodology, and future directions of
modeling weldmicrostructure development are describedin this paper, with examples
in low-alloy steel, stainless steel, and Ni-base superalloys. In low alloy steels, the
nucleation and growth of oxide inclusions in the melt was modeled as a function of
the welding process and composition. This inclusion model has been recently coupled
with solidification and numerical heat and mass transfer models. Recent advances in
theoretical andphysical modeling of the solidification process will bereviewedin this
paper with regard to predicting the solidification modes, grain structure development,
segregation effects, and nonequilibrium solidification in welds. In nickel-base
superalloy welds, the effects of solidification and solid state transformations on
microstructure development will bedescribed. In thesewelds, the final microstructure
was found to be dependent on the cooling rates and solidification modes. The weld
microstructure was investigated with the help of advanced analytical techniques such
as atom-probe field-ion microscopy. The result addresses the importance of advanced
analytical techniques in modeling the solid state trans-formation.

1. INTRODUCTION geometries. Since these models have to be
generalized for new classes of advanced alloys,
A fundamental understanding of the these models should be based on fundamental

welding process is important for ascience-based principles’®. Although the weld integrity

joining design of advanced materials. It is depends on both the heat-affected zone (HAZ)

known that coupling of various components of and the fusion zone, the microstructural evolu-
welding, such as welding process selection, tion is more complicated in the weld metal re-
process control, process sensing, microstruc- gion”. The complexity arises due to the gas-

tural evo-lution, and weld properties, is neces- plasma-metal interaction, chemical reactions,

sary to develop predictive models that can be and phase transformations that occur during the

appliedto awiderange of alloy systems and weld weld thermal cycle. This paper describes current
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acicular
ferrite

inclusion

allotriomorphic
ferrite

Fig. 1. Typical weld metal microstructure observed in a low-alloy steel weld. The microstructure shows the morphology of
acicular ferrite, a desired phase for optimum strength and toughness of welds.

trends in modeling the physical processes that
define atypical welding process. This paper also
illustrates, with examples, both the complexi-
ties of modeling the microstructure develop-
ment and the importance of advanced analytical
techniques as a modeling tool.

2. MODELING FUSION ZONE
MICROSTRUCTURE EVOLUTION

A number of physical processes occur
during a typical welding operation. They occur
in the arc plasma?>?®, weld pool*®, and solid
state®®. The effect of each of these physical
process at high temperatures influences the
changes at low temperatures. For example,
physical processes such as elemental transport
in the weld metal, evaporation of alloying ele-
ments from the weld metal, and gas-metal
reactions control the final weld metal
composition. The weld metal com-position, in.
turn, controls the microstructure development
during solidification and solid state transfor-
mations.

An example of the sequential dependency
is illustrated with the microstructural evolution
in alow-alloy steel weld metal. A typical weld
microstructure of a low-alloy steel weld is
shown in Fig.1. Thé properties of the weldare
improved by maximizing the acicular ferrite
which exhibits an interlocking and fine mi-
cro-structure. Although the acicular ferrite
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phase forms from austenite in the 700 to 800 K
temperature range, the feasibility of the acicular
ferrite formation depends on (a) the presence of
inclusions (product of deoxidation in liquid
steel in the temperature range 2300 to 1800 K),
(b) the austenite grain structure development
(tempe-rature range 1400 to 1200 K), (c) the
weld metal composition (which is controlledby
the gas-metal or slag-metal reaction at tem-
peratures above 1800 K), and the (d) the trans-
formation of austenite to other competing fer-
rite morpho-logies such as allotriomorphic
ferrite and Widmanstidtten ferrite. The above
sequence is illustrated in Fig.2. A sequential
dependency of microstructure development in
the weld metal exists in almost all alloy sys-
tems. Therefore, an integrated model, which
describes the reactions in liquid state, solidifi-
cation, andsolidstate phase transformations, is
necessary. General modeling concepts to de-
scribe all of these aspects are reviewed below.

Thermochemical Reactions in Li-
quid Weld Pool

2.1

Thermochemical reactions in the liquid
weld pool include evaporation, gas-metal reac-
tions, slag-metal reactions, dissolution of
gases, and reaction of dissolved gases with the
alloying elements?. These reactions are rele-
vant to microstructure development since they
control the subsequent solidification and solid



Trans. JWRI, Vol. 25(1996), No.2

o
S _|
S
«
¢ 8
= O
‘q-) ™~
2
© 1 Weld Cooling
ot Curve
£ o
5§
o
O -
o
I ||l||l||| |||||l||| l‘llll“i
2 4 2 4 2
10 10° 10’ 10°
Time (s)

",
o,
.
o,

Fig. 2. Schematic diagram of continuous cooling transformation showing the development of weld metal microstructure in
low-alloy steels : ( I )inclusion formation, ( II ) solidification of liquid to & ferrite, (II)fully austenitic structure,
(IV) nucleation of allotriomorphic ferrite, (V) growth of allotriomorphic ferrite all along the austenite grain bounda-
ries, (VI) Widmanstitten ferrite formation, and (VI)acicular ferrite formation. )

state transformations in welds, as illustratedin
the microstructural development in low-alloy
steels in the previous section. Detailed model-
ing activities on the evaporation and dissolu-
tion of gases are highlighted in reference 1.
These thermochemical reactions are dynami-
cally cou-pled in atypical welding process. For
example, the dissolution of oxygen andnitrogen
drives the formation of oxide and nitride inclu-
sions, respectively. This nitride or oxide for-
mation, in turn, controls the amount of oxygen
andnitrogen that can be dissolvedinto theliquid
steel. Moreover, the plasma conditions around
the weld pool, heat transfer, and mass transfer
(fluid flow) conditions also affect the formation
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of oxides and nitrides. Coupled models that de-
scribe the dissolution of gases, thermo-
chemical reaction of the dissolved gases, and
alloying elements to form oxides, nitrides, and
other compounds are still evolving. The clas-
sical equations of the nucleation and the growth
of second phase from supersaturated parent
phase can be applied to the formation of oxides
and nitrides. An example of modeling the in-
clusion formation will be described later to il-
lustrate the complexity of thermochemical re-
actions in the liquid steel weld pool.
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2.2 Solidification

Weld solidification controls the grain
structure, segregation, and defects®. Attempts
have been made at modeling the weld solidi-
fication by extending the current knowledge of
the freezing of single crystals, castings, -and
ingots. In addition, rapid solidification effects
in the weld metal are being considered. Model-
ing of weld or ingot solidification is associated
with the nucleation and growth of a solid phase
in the liquid. A generalized weld solidification
model, besides describing nucleation and
growth, must be capable of describing solute
distribution, grain structure development, and
rapid solidi-fication effects’’®. A basic under-
standing of these concepts is necessary to de-
velop an in-tegrated model capable of describing
solid-ification in a wide variety of welding
conditions and alloy systems.

During welding, weldpool solidification
proceeds from the pre-existing solid substrate
without any nucleation barrier. In the case of
autogeneous welding, solidification occurs
spontaneously by epitaxial growth. In cases
where filler metal is used, epitaxial growth may
still occur. In addition to heterogeneous nu-
cleation on the solid base material, inoculants
have been successfully used to promote nu-
cleation“). Other methods to promote nuclea-
tion in the weld pool include weld pool stirring

and arc oscillations®’ . Although the mecha-

nisms of nucleation in weld metal are well un-
derstood, not much attention is given to mod-

eling this phenomenon. Often, weld solidifica-
tion models assume the epitaxial growth in their

models, and for most of the cases, the assump-
tion seems to be appropriate. However, to de-

scribe the effect of inoculants, arc oscillations,

and weld-pool stirring, heat and mass transfer

models'®>!® have to be coupled with either

probabilistic models, such as cellular automata
(CA)“ 19, or deterministic models using the

fundamental equations of nucleation.

The development of microstructural
features during the growth of the solid in the
weld metal region is controlled by the shape of
the solid/liquid interface and its stability.
Theories for interface stability under conditions
of equilibrium at the interface for normal sol-
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idi-fication, or under extreme nonequili-brium
conditions prevalent during rapidsolidification,
have been developed'’"'®. These theories can be
extended to weld pool solidification. The pa-
rameters that determine the solidification mi-
cro- structure in castings are growth rate (Rg),
temperature gradient (G), undercooling (A Ty),
and alloy composition. It is well known that the
temperature gradient and growth rate are
important in the combined forms GRg (cooling
rate) and G/Rg since they influence the scale of
the solidification substructure and the solid-
ification morphology, respectively. In welding,
where the molten pool moves through the
material, both G and GRg vary considerably
across the weld pool region. Figure 3 shows
schematically the influence of G and Rg on the
microstructural variations within the weld
metal. The figure shows theregions of planar to
cellular transition (PCT) and cellular to
equiaxed transition (CET).

The method of using GRg and G/Rg
relations to depict the solidification mor-
phology has proved to be simple and elegant.
However, modeling of solidification mor-
phology in a typical weld must consider other
factors such as the fluid flow, the density of
grains at the fusion line taking part in the
epitaxial growth, the effect of base plate texture
on the growth patterns in the weld metal re-
gion'® ', andthe amount of total undercooling
(AT). Although the CA models'* '® can be used
for modeling the spatial morphology and tran-
sitions from cellular to equiaxed solidification
in casting processes, much work needs to be
done in improving the extension of this method
to welds'®. Future solidification morphology
models, such as CA techniques, shouldconsider
solute diffusion, and the models should be
coupledwith the numerical models that consider
the diffusion of partitioned alloying elements
between solid and liquid phases?®:2V),

Solute distribution during weld pool so-
lidification is an important phenomenon re-
sulting in segregation that can significantly
affect weldability, microstructure, and pro per-
ties. Various studies on extending different so-
lidification models to describe solute distri-
bution have been summarized®. In describing
the solute distribution under dendritic growth
conditions, consideration should be given to
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Fig. 3. (a) Schematic illustration of weld microstructure
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redistribution at the dendrite tip and in the in-
terdendritic regions. The solute distribution at
the dendrite tip is determined, to a large extent,
by the dendrite tip undercooling, which is made
up of four components: thermal undercooling,
kinetic undercooling, constitutional under-
cooling, andundercooling dueto tip curvature’).
In welding, the first two contributions can be
ignored. However, since the microstructures are
much finer in scale in welds than in castings, the
contribution to thetotal tip undercooling dueto
the curvature effect is very significant® 2%, The
effect of increased under-cooling at the dendrite
tip would be to solidify at a composition closer
to the overall composition and thus reduce the
extent of microsegregation. Dendrite tip un-
der-coolings in welds have been estimated by
measuring dendrite core compositions in two
different alloy systems, A1-Cu and Fe-Nb, after
gas tungsten arc welding®®. The estimated den-
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drite tip unbdercooling has been found to be

significant (3 to 8.5°C). Considering the solute
redistribution in the interdendritic regions, it
may be sufficient 1o extend the solidification
model for micro-segregation in castings to
welds. In such cases, the weld solidification
models can assume little or no diffusion in the
solid while complete mixing of solutes in the
liquid by convection can be assumed. This can
beachievedby the Scheil equation?® or modified
Scheil equations that consider the diffusion®®2%
in the solid during welding.

During welding, the growth of solid
often occurs by epitaxial growth from the par-
tially melted grains in the base metal. Therefore,
the weld metal grain structure is predominantly
determined by the base metal grain structure and
the welding conditions. In addition, crystallo-
graphic growth competition will influence the
grain structure development. It is well known
that grain growth into the liquid region is fa-
vored along easy growth crystallographic
directions, for example <100> in cubic metals.
Conditions for growth are optimum when one of
the easy growth directions coincides with the
heat flow direction. Since the solid/liquid in-
terface is essentially perpendicular to the heat
flow di-rection, the pool shape influences the
optimum growth direction. Using a recently
developed geometrical analysis and expressing
the solidi-fication front normal and the crys-
tallographic growth directions in terms of a
fixed set of reference axes, the dendrite growth
selection process in Fe-Ni-Cr single-crystal
welds was evaluated®®?%), This analysis can also
be extended for the grain growth selection
process. These types of geometrical models can
also be used to describe the three-dimensional
(3-D) reconstru-ction of the weld pool shape.

With the increased use of high-energy
beam processes, such as electron and laser
beams, for welding, observations of nonequili-
brium microstructures under rapid cooling con-
ditions are becoming common. Such observa-
tions are well documented for austenitic stain-
less steel welds?”3"). Modeling of the transition
in weld grain structure due to rapid solidifica-
tion is just evolving. Under rapid cooling con-
ditions, a significant departure from local
equilibrium at the solid/liquid interface may
occur. As aresult, nonequilibrium structure and,
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Fig. 4. (a)Effect of velocity—dependent partition coefficient on dependence of dendrite tip radius(r)on growth velocity [5],
(b) variation’ of nonequilibrium solidus and liquidus temperatures, and (c) partition coefficient as a function of growth

velocity in a Fe—base alloy [32].

in some cases, partitionless solidification can
be observed. The magnitude of these departures
is not fully understood and characterized. An-
other con-sequence of rapid solidification con-
ditions is that plane front solidification may
become stable at extremely rapid growth rates as
illustrated in Fig. 4 (a)®. An additional effect of
rapid solid-ification is the change in the lig-
uidus and solidus temperatures as illustrated in
Fig. 4(b)-(c)*®. In summary, the integrated
weld solidification models must describe the
transition from clas-sical to rapidsolidification
in a generalized form.

2.3 Solid State Transformations

In some alloys, the solid state trans-
formations that occur in the weld metal region
control the final microstructure and properties,
as seen in the case of low-alloy steel welds.
Therefore, modeling solid state transformations
in welds is important in developing generalized,
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integrated models for weld metal microstructure
development. In this section, various models
that deal with the solidstate transformation and
that describe the microstructural development
are briefly summarized, and the need for further
improvement in the models is highlighted.

Significant work has been carried out on
modeling the solidstate phase transformation in
the HAZs®. Recently, much attention has been
given to modeling the microstructure in weld
metal regions”. In addition to phase trans-
formations in solid state during weld thermal
cycles, an integrated model for microstructure
development should consider other solid state
phase changes such as grain growth, coarsening,
and solute redistribution. Most of the recent
work has concentrated on describing the solid
state phase transformations with fundamental
theories of phase transformations”%3* Various
solid state transformations that occur in welds
during welding and in service can be grouped



into four categories as follows: (1) phase
changes in-volving diffusional processes such
as pre-cipitation or dissolution of the second
phase in the matrix; (2) solid state processes
involving grain growth®¥3% precipitate
coarsening, and single-phase solute redistribu-
tion®”; (3) phase changes involving displacive
transformations such as martensitic transfor-
mations ; and (4) phase changes such as spinodal
decomposition®®). Moreover, it is important to
note that some of the above phase changes may
occur concurrently andinteract with each other.
Therefore, a prior knowledge of various phase
transformations that occur in an alloy system is
necessary before developing a model for weld
metal micro- structure development.

Some of the solid state phase changes
that occur in welds can be described by diffu-
sional processes. Some examples of diffusional
proc-esses are austenite to allotriomorphic fer-
rite transformation in steel welds, dissolution
of carbonitride precipitates in steel welds, and
de-composition of primary ferrite into duplex
austenite-ferrite microstructure in austenitic
stainless steels. In principle, modeling of dif-
fusion controlled phase transformation in-
volves describing the kinetics of phase change
with nucleation®® andthe growth/dissolution of
second phase in a matrix*®. The growth/ dis-
solution of second phase in the matrix can be
modeled with the assumption of local equili-
brium at the second phase/matrix interface.
Often, a thermodynamic description of equilib-
rium at the growth interface is obtained from
published thermodynamic data. In some cases,
the models describing diffusional phase changes
must be coupledwith models of othersolidstate
changes, e.g., the grain growth can be con-
trolled by the concurrent precipitation or dis-
solution of precipitates®®.

Other solid state changes that occur in
welds which are driven by minimization of in-
terfacial energy' are grain growth and coars-
ening. Grain growth in welds is either modeled
by analytical equations®® or by Monte Carlo
(MC) simulations®*33:4142) A typical example
of isothermal grain growth simulation is shown
in Fig.5(a)*"*?. The same methodology can be
applied to 3-D grain growth also [see Fig. 5(b)].
The reader is referred to publishedliterature*!*?
for more details of the simulation. A specific
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advantage of MC simulations is the capability
to describe the 3-D morphology of grains during
the grain growth process, as observed in the
images shown in Fig. 5. Despite the success of
MC simulation in describing the grain mor-
phology, until recently, there were no proven
methods for a one-to-one correlation between
simulated measures of grain size and time with
experimental measures. Recently, Radha-
krishnan*? addressed the above issue and sug-
gested a general method of deriving a one-to-
one correlation between experiments and simu-
lation. In addition, the MC simulations can
illustrate the effects of steep thermal gradients
across a grain. In addition to this probabilistic
MC simulation approach, recently, Grong*® has
suggestedan internal state variable approach for
modeling solid state transformations including
grain growth in welds.

Displacive transformations occur in
many steel welds, e.g., transformation of
austenite to Widmanstidtten ferrite, acicular
ferrite, bainite, and martensite*¥. An ap-

_proximate kinetic model for bainite formation

has been coupled with the cooling rates in welds
to model the formation of local-brittle zones in
welds*®). It is also note-worthy that the dis-
placive transformation kinetics and transfor-
mation morphologies are quite sensitive to the
presence of external or internal stresses on
welds. Upon application of elastic stresses
during transformation from austenite to acicular
ferrite, a change in the morphology of acicular
ferrite plates and trans-formation-induced plas-
ticity was obser-ved*®. This observation has to
be studied further and must be modeled in order
to understand the interaction between micro-
structure and residual stress development in
welds.

Spinodal decomposition has been re-
ported in duplex austenite-ferrite microstruc-
tures of thermally aged stainless steel welds®®).
In this case, the spinodal decomposition occurs
in the ferrite phase upon aging at 748 K, with
the ferrite decomposing into Cr- and Fe-rich
regions. The initial composition of ferrite and
the aging temperature control the kinetics and
feasibility of the spinodal decomposition. In
this case, it is desirable to couple thermody-
namic software*® with either numerical®>*” or
analytical models of weld metal microstructure
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b

Fig. 5. Results of Monte Carlo grain growth simulations as a function of Monte Carlo Simulation Steps (MCS) : (a) Two—
dimensional simulation (the graph shows the simulated grain structure at 0 and 100 MCS done on 50 by 50
square grid with 64 initial random orientations)and (b) Three—dimensional simulation of the grain structure at O and
75 MCS done 0on32X32X32cubic grid with64initial random orientations. The details of the method are in the pub-

lished literature [41,42].

development,

In summary, the first step for an inte-
gratedand generalized model for describing solid
state transformation is the identification of key
transformations and their mechanisms in a
given alloy system that may control the
microstructure development. The next step in
the model involves the coupling of models for
diffusional decom-position, grain growth,
coarsening, displacive transformation, and
spinodal decomposition based on the feasibility
of each reaction. Finally, these coupled models
have to be interfaced with models for weld
thermal history.
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3. EXAMPLES

3.1 Modeling Inclusion Formation in

Steel Welds

In general, inclusions form inlow-alloy
steel welds due to the reaction between the
dissolved gases and other elements in the liquid
steel. The oxide inclusion formation is con-
trolled by the concentrations of dissolved
oxygen and deoxidizing elements, such as alu-
minum, titanium, silicon, and manganese. The
dis-solution of oxygen into the liquid steel is
affected by the arc-atmosphere conditions
around the molten steel. For example, it is
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known that the dissociation of diatomic gases where’?. The isothermal oxidation kinetics
into monatomic species affects the dissolution calculations are then applied to the continuous
of gases into liquid steel*®*?). The important cooling conditijons.

inclusion characteristics are inclusion compo-

sition, size, and number density. Other im- - The overall isothermal oxidation ki-
portant aspects related to inclusion formation netics at a particular temperature Ti involving
are the oxidation sequence andthe concentration a deoxidizing element (M) and oxygen (O) dis-
of residual deoxidizing elements®° %), The re- solved in liquid steel to produce an oxide
sidual deox-idizing elements in solid solution, inclusion of M,O, is given by the following
such as Al, Ti, Si and Mn, that remain after the equation®?:

oxidation reaction influence the transformation
of aus-tenite to ferrite at lower temperatures. 3 2
=1 -] * 2
Previous attempts’5%°" to predict inclusion £=1 exp{ ((8”/15)1"(%) /R @
composition assumeda fixed oxidation sequence
of Al,0,, Ti,0;, SiO,, and MnO. This assump- -

tion was based on the ranking of the oxides where is the extent of reaction (varying from
Al,04, Ti,O5 (orto other types of Ti,O, oxides), o at start to 1 at finish), [, isthe homogeneous
S5i0,, and MnO according to their standard free nucleation rate of oxide M,O, per unit volume
energy of formation. However, the oxidation per second, «, is the parabolic thickening rate

sequence may change as a function of the con-
centrations of reacting elements.More-over,
previous work did not model other inclusion
parameters such as inclusion number density,
size, and residual amounts of de-oxidizing ele- )
ments. In addition, the complexity of the so- Q =(¢’ﬂ‘¢i¢)/(cj_£ “Cf_f) (2)
lidification-induced sulfide and oxide formation

was ignored. In this work, inclusion formation
is describedintwo stages (1) the oxide inclusion
formation in the liquid steel in the temperature of the deoxidizing element, Cit is the concen-
range of 2300 to 1800K and (2) during
solidification. In the first stage, the inclusions
are mainly oxides, and in the later stage, the
main consideration is sulfide formation. The
multicomponent partitioning and sulfide for-
mation are treated with ThermoCalc™ soft-

of oxides in liquid steel, ¢ is thetime of reaction
at temperature T,, and €2 is the equilibrium
volume fraction of M,0, at T,, given by:

where cfu is the average (overall) concentration

tration of deoxidizing element in the liquid in
equilibrium with the inclusion, and ¢}, is the
concentration of deoxidizing element in the in-

clusion in equilibrium with the liquid. The
equilibrium concentration of deoxidizing ele-

ware*®) using a published computing routine ment, cit , is obtained from the tie line in the
described later”. The steps involved in the in- deoxidation phase diagram (the concentrations
clusion calculations are shown in a flow chart are in mole fraction). The expressions for cal-
given in Fig.6. culating other terms «,; and [, are given

elsewhere’”. Equation (1) enables one to predict
the isothermal oxidation kinetics for various
oxides as a function of nominal composition and
temperature. Isothermal oxidation kinetics
calculations were appliedto continuous cooling
conditions. The integrated number density of
the first-forming oxide was taken as the final
number density of inclusions in the steel weld
(this assumption is based on the observation of
heterogeneous and layered inclusion struc-
tures)®®”. The calculation of final inclusion
number density is given by:

3.1.1 Overall Oxidation Kinetics in Liquid
Steel:

Inclusion formation in the liquid steel
will be controlled by the rate at which the weld
cools and oxidation kinetics. The steps involved
in the present calculation are as follows: (1)
deter-mining driving force for oxide formation,
(2) calculate homogeneous nucleation rates, (3)
calculate growth rates, and (4) calculate overall
oxidation kinetics as a function of temperature
and composition. The methodologies for each of
the above calculations are published else-
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Fig.6.Flow chart illustrating the application of isothermal oxidation kinetics calculations to continuous cooling conditions.

The calculation starts with a nominal weld composition

at 2300K. The cooling curves are then divided into small

isothermal steps. The kinetic calculations are performed at each temperature and time interval, and additivity of ox-
ide volume fraction is assumed.The flow chart also illustrates the steps to calculate the effect of solidification on

inclusion formation.

T,
Number Density = Z IJ* x A 3)

Where I;ﬁde !

first-forming oxide as a function of tempera-
ture; and Ay is the time spent at each

is the nucleation rate of the
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temperature from T,,,,, the temperature at which
the first oxide starts to form, to T,,;, the tem-
perature at which the extent of reaction, &, of
the first oxide reaches 0.9. The accumulated
volume fraction of oxide inclusions at the lig-
uidus temperature was taken as the final volume
fraction of oxides, and the residual liquid com-
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Fig. 7. Comparison of experimental inclusion characteristics measured by Kluken and Grong [50] and the calculated inclu-
sion characteristics by the present inclusion model : (a)inclusion composition and (b)inclusion number density.

position at 1800 K was related to the amount of
deoxidizing elements in solid solution. With

the knowledge of the final inclusion volume
fraction (V) and final number density, the av-

erage inclusion radius was calculated.

3.1.2 Overall Oxidation Kinetics Model Vali-

dation.

The overall oxidation kinetics model
developed in this work was validated with ex-
perimental results. The cooling rate data nec-
essary for the calculation of inclusion charac-
teristics were obtained by using the equation
given by Ion et al®*®). However, it is important
to note that these cooling rate calculations are
approximate, and, ideally, one should use the
weld metal cooling rate calculations which
consider the heat flow and mass transfer in the
weld pool region®*®. To improve the predictions
of the number density, enhanced thermal con-
ductivity (2.25 times the original thermal con
ductivity value given in the reference 36) values
were used. The calculations were validated with
the experimental data of Kluken and Grong®%. A
comparison of experimental results of inclusion
composition andfinal number density published

by Kluken and Grong

50)

with the calculations of

the present inclusion model is shown in Fig. 7.
The comparison shows that the present inclu-
sion model predicts atrend similarto that of the
experimental data. However, the predictions are
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not exact. The comparison of experimental

measurement and theoretical

estimation of

aluminum in solid solution showed only a fair

correlation®®

. However, excellent agreement is

observed with the predicted titanium levels in
solid solution. The calculations showed that

most of the oxygen is tied up

as oxides as the

liquid cools to 1800 K. Moreover, the model
showed that no sulfides formed above 1800 K

due to low supersaturation.
known that in almost all st

However, it is
eel welds some

amount of sulfide reaction forms during the

final stages of solidification,
richment. Thereforc, the next

due to solute en-
part of the inclu-

sion calculations considers the feasibility of
sulfide formation, considering'the multicom-
ponent partitioning between liquid and solid,

during solidification.

3.1.3 Effect of Partitioning
fication; '

During: Solidi-

During low-alloy steel solidification,
alloying elements partition between liquid and

solid. It is

also known that

due to the

partitioning, the liquid gets enriched progres-
sively with elements which have low solubility
in the solids as the solidification continues,.
This enrichment results in a higher supersatu-
ration sufficient to initiate somereaction which

would not occur with the nomi

nal composition

of the weld. Various models have been developed



Trends in Microstructure Modeling in Weld Metals

to describe this solute partitioning as men-
tionedin the earlier section. In the present work,
a published model to calculate irnclusion
formation during stainless steel solidification
was appliedto the low-alloy steel welds. In this
model, complete mixing in liquid and some
amount of diffusion in solid are assumed, and
the volume fraction of liquid and solid is given
by equilibrium calculations. The diffusion in
solid was considered using a modified Clyne and
Kurz equation?”. However, the partitioning
coefficient of each element is calculated in an
iterative manner at each temperature interval
using ThermoCalc™ software. This allows for
the consideration of the partitioning coefficient
in a multicomponent system, instead of simply
using the partitioning coefficients from binary
alloy systems. The steps are explained in Fig.
6. The governing equations are given below:

(1-£)
- = 2 AC, .
AChqmd,C_K {(1_f;)+2%k} Chqwd.ATemP’
@)
where AC, is the effective change in

liguid ,C-K
liquid composition after considering the solute
diffusion in solid with a change in temperature,

AC, i sremp 1S the calculated equilibrium

change in liquid composition without consid-
ering the solute diffusion in the liquid, f,isthe
volume fraction of solid, k is the partitioning
coefficient of a corresponding element at a
particular temperature, and $2is given by:

Q =a[1—exp(— %) —O.Sexp(—zia)] ®)

and
®)

where D is the diffusivity of a particular element,
tg is the time spent at a particular temperature
and L is the interdendritic spacing.

The validity of the above model to de-
scribe the sulfide formation was tested by ap-
plying the calculations to some of the weld
compositions given in reference 50. The final
composition obtained after the overall oxida-
tion kinetics model was applied to the
solidification calculation as a function of tem-
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perature. A cooling rate of 10°Cs’ and an
interdendritic spacing of 1 um were assumed for
all welds. These values are assumed only to
demonstrate the suitability of the above method.
In addition to the sulfide formation, the calcu-
lations showed a small amount of oxide forma-
tion. The amount of oxides was related to the
oxygen concentration of the liquid after the
completion of earlier oxidation above 1800 K.
The changes in the volume fraction of the solid,
liquid, oxide inclusions, and sulfide are stored
as a function of temperature while considering

the cooling of the weld at 10°C s The calculated

changes in the volume fraction of the solid,

liquid, and MnS for a given composition are

shown in Fig. 8(a). The variations of MnS

fraction for various nominal concentrations of
sulfur are shown in Fig. 8(b). The calculations

showed no systematic variation of MnS forma-
tion as a function of nominal sulfur concentra-
tion. This was attributed to the co-precipitation

of other oxides and complex sequences of oxide

and sulfide formation. Although the present

model is capable of describing the solidifica-

tion-induced sulfide formation, more im-

provements are necessary to consider the diffu-
sion of elements in liquid. The assumption of

complete mixing in liquid may not be valid at

other rapid weld cooling conditions. Further

work is under way to describe diffusion in both

the solid and liquid using coupled thermody-

namic and kinetic models.

3. 1.4 Future Directions,

Although the inclusion model is capable
of describing the inclusion formation in steel
welds, there are limitations in the present model.
To improve the cooling rate expressions in the
liquid steel weld metal region, ongoing work
focuses on coupling heat transfer and the fluid
flow calculation method developed by Mundra et
al’®. The predicted values seem to be compa-
rable to those of experimental data. Moreover,
recent experimental work has shown that fluid
flow in liquid steel plays a vital role in deter-
mining the ultimate inclusion number den-
sity’®. Therefore, future improvements may be
achieved by using a particle tracking approach
to track the inclusion coarsening in steel weld
metal.
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Fig. 8. (a)Change in the volume fraction of liquid, ferrite,and MnS as a function of weld cooling. The initial rapid in-
crease and the saturation of the volume fraction of MnS as a function of temperature indicates the initial increase
in supersaturation of sulfur in liquid and the depletion of sulfur due to the formation of MnS, respectively. (b) The

change in volume fraction of MnS as a function of solidification temperature for various nominal concentrations
of sulfur in welds. The absence of monotonic relation is attributed to co—precipitation of other oxides in addition
to sulfides.

Dendritic
Boundary

Fig. 9. Transmission electron micrograph of the PWA —1480 weld metal region in the as-welded condition showing den-
dritic boundary and eutectic ¥ precipitate (marked by an arrow)along the dendritic boundary. The electron diffrac-
tion pattern (inset), taken near to the [001] yzone, shows the superlattice reflections from 7y’ precipitates.
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Fig. 10. A quasi—binary diagram of the Ni-Al-Cr system with 11.5 at. %Cr calculated by the Thermo Calc™ program

(46].

3.2 Microstructure Development in

Nickel-Base Super Alloy Welds

It has long been recognized that the
weldability of Ni-base single-crystal superalloy
will play a vital role in determining the feasi-
bility of repair welding of land-based gas tur-
bine components. As a result, modeling and
characterization of microstructure development
in Ni-base superalloy welds has gained impor-
tance’>, Babu et al°® studied the microstructure
development in an electron-beam-welded
PWA-1480 single-crystal. A transmission
electron micrograph (see Fig. 9) shows a
boundary between two dendrite arms. Along the
interdendritic regions, largey’, precipitates
interlaced by thin films ofy phase were ob-
served. The morphology of these large y’,
precipitates with penetrated y phase suggests
that these y' precipitates formed during the
final of solidification through the

eutectic reaction, L -y + y', In many occa-
sions, Laves phases were also observed along
the inter-dendritic regions. Within the core of
the dendrite, much finer, cuboidal L1,-ordered

stages
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y', precipitates were observed. The above mi-
cro-structural development can be explained
with the help of a quasi-binary diagram of the
Ni- A1-Cr alloy system, as shown in Fig. 10.

To illustrate the microstructural deve-
lopment in the PWA- 1480 alloy, the phase
changes in the Ni-11.0 at. % A1-11.5 at. % Cr
alloy, as it solidifies from the liquid state, are
discussed below. According to the equilibrium
phase diagram, the solidification to y starts at

1698K and is completed at ~ 1685 K.
Since the weld cooling conditions are far from
equilibrium conditions, this may not be an ac-
tual representation of the weld solidification.
The variations in the compositions of the ¥y
matrix and liquid phase during such a solidifi-
cation in an Ni-11.0 at. % Al-11.5 at. % Cr
alloy, (assuming Scheil's model) were calcu-
lated using the ThermoCalc™ software®®. The
calculations indicate that the solidus tempera-

ture (liquid fraction ~ 0.01) is loweredby 50 K,
i.e., 101635 K. ThermoCalc™ calculations also

indicate that the final liquid, due to solute en-
richment, will undergo a eutectic reaction below

~
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Fig.11. Atom probe concentration profiles(in at. %)of Cr, Al, Ti, Co, Ta,and W obtained from the PWA — 1480 weld
sample. These plots show the variation of elemental concentration through y(Cr—rich)and y (Al-rich)phases. It is
noteworthy that the resolution of this analysis is on a nanometer scale.

1630 K as shown in Fig. 10. The observation
(see Fig. 9) of largey ', precipitates interlaced
with films of the y phase supports this mode
of solidification for the weld. However, this
work>® is only approximate, since Ti, Ta, W,
and Co will modify the partitioning character-
istics between the y and y', phases. Therefore,
one has to use other calculation methods®® or
apply the most recent thermodynamic data for
the calculations.

In addition to modeling the phase
changes during solidification, it is important to
consider the solid state decomposition in these
welds. On cooling below the solidus tempera-
ture, the y', phase is expected to precipitate
homogeneously within the y dendrites. It is
speculated that, due to the rapid cooling
conditions in electron beam welding, the
partitioning between ¥ and y', phases may lead
tosome interfacial segregation of elements such
as tungsten and tantalum®®. To validate the
above speculation and to aid in the modeling of
microstructural evolution, atom-probe field-
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ion microscopy (APFIM) was used to charac-

terize the compositional distribution on an

atomic scale. The details of this study can be

seen in reference 55. The APFIM results indi-

cated that the compositions of y and ', phases

from welds are more or less similar to those of
base metal y and y', phases. The high-

resolution chemical analysis in APFIM (see

Fig. 11) failed to show any interfacial segre-

gation. It is noteworthy that the alloying ele-

ments, despite the rapidweld cooling conditions,
partition between the ¥ and y', phases. The

heavy elements such as tantalum and tungsten,

which are expected to diffuse slowly, are also

found to partition during weld cooling. These

results suggest that the kinetics of the decom-
position of ¥ phase to a mixture of yand y’

phases are rapid. Further work is under way to

study the partitioning in laser welding, which

may induce a higher cooling rate than the elec-
tron beam welding process. This information

will be utilized in the development of
thermo-dynamic and kinetic models to describe
the phase transformations in Ni-base superalloy

welds.
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4. SUMMARY

This paper discusses theoretical,
nume-rical, and physical modeling activities to
describe physical processes that occur in the
weld metal region. This overview indicates that
it is indeed possible to develop a generalized
model for prediction of weld metal microstruc-
ture development, as a function of weld metal
composition and welding process parameters,
for any alloy system. This paper illustrates the
sequential dependency of each of the physical
processes in a typical welding situation with
microstructural evolution in low-alloy steel and
Ni-base superalloy single-crystal welds. The
importance of the fundamental understanding of
the mechanisms of physical processes in welds
and the validation of models with advanced ex-
perimental tools, such as APFIM are also em-
phasized.
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