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MODELING SOLUTE REDISTRIBUTION AND MICROSTRUCTURAL

DEVELOPMENT IN FUSION WELDS OF MULTI-COMPONENT ALLOYS

J.N. DuPont 1,C.V. Robino 2 and B.D Newbury*

ABSTIMCT

Solute redistribution and rnicrostructuraI evolution have been modeled for gas tungsten

arc fiuiionwelds in experimental Ni base superalloys. The multi-component alloys were modeled

as a pseudo-ternary @W-C system. The variation in fiction liquid and liquid composition

during the primary L -+ y and eutectic type L - (y + NbC) stages of solidification were

calculated for conditions of negligible Nb diflirsion and infinitely rapid C difkion in the solid

phase. Input parameters were estimated by using the Thermo-Calc Nil?e Alloy data base and

compared to experimentally determined solidification parameters. The solidification model

results provide usefil information for qualitatively interpreting the influence of alloy

composition on weld microstructure. The quantitative comparisons indicate that, for the alloy

system evaluated, the thermodynamic database provides sufficiently accurate values for the

distribution coefficients of Nb and C. The calculated position of the y-NbC two-fold saturation

line produced inaccurate results when used as inputs for the model, indicating fhrt.herrefinement

to the database is needed for quantitative estimates.
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INTRODUCTION

The microstructure and solidification cracking susceptibility of &ion welds in many

engineering alloys is dependent on the redistribution of solute (microsegregation) during

solidification as well as the form of the phase diagram. Previous studies conducted to

il.mdamentally quanti~ the relation between alloy compositio~ weld microstructure, and

resultant cracking susceptibility often utiliied binary alloy systems.13 As illustrated in Fig. 1,

this approach is convenient because the solidification behavior of the weld can be deduced

directly from the binary phase diagram. Fig. 1 shows the distribution of solid and liquid during

welding of a binary alloy in which the solute exhibits negligible solid state dfision during

solidification (i.e. Scheil conditions). For simplicity, a linear temperature grdent is shown in

the weld region (Fig. lb). Assuming no dendrite tip undercooking, the boundary between the

completely liquid weld pool and the liquid + solid mushy zone is given by the intersection of the

actual temperature with the liquidus temperature. The boundary between the mushy zone and

the completely solidified weld is given by the intersection of the eutectic temperature with the

actual temperature. The size of the mushy zone and variation in fraction liquid within the mushy

zone are important parameters that control solidification cracking susceptibility. 3 From Fig. 1, it

is apparent that the size of the mushy zone is directly controlled by alloy composition and the

resultant solidification temperature range. For a f~ed temperature gradient (i.e., weld processing
—

parameters), the size of the mushy zone is given by the ratio of the solidification temperature

range to the temperature gradient. Within the mushy zone, the fiction liquid decreases from

unity at the liquid/mushy zone boundary to a value given by the amount of eutectic at the mushy

zone/solidified weld boundary. The solute-rich liquid that exists at the eutectic composition

solidifies isothermally, for the binary system, at the mushy zone/solidified interface. For the
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conditions described, the variation in &action liquid (fi) with temperature (T) within the mushy

zone can easily be determined via the Scheil equation 4

(1)

where T~ is the melting point of the pure solveng T1is the liquidus temperature of the alloy, T is

the actual temperature within the mushy zone, and k is the equilibrium distribution coefficient.

Between the liquidus and eutectic temperature, the liquid and primary phase coexist in the mushy

zone. The fraction of eutectic (Q that solidifies isothermally at the edge of the mushy zone is

given by

[“f.=+
0.

1
c1

(2)

where C~ is the eutectic composition and COis the nominal alloy composition. Thus, when the

actual temperature within the mushy zone can be determined (i.e., through heat flow modeling)

and the phase diagram is establishe~ then the size of the mushy zone and variation in fraction

liquid

useiid

within the mushy zone can be readily determined for binary a~oys. This tiormation is

for interpreting composition-solidification cracking susceptibility relations. 3

Most alloys of engineering significance contain more than one solute addition and can

undergo one or more eutectic-type reactions over a broad temperature and composition range. In

this case, microsegregation calculations require knowledge of multi-component phase diagrams

and the distribution coefficients for aIl solutes which significantly affect development of the final
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microstructure. This is shown schematically in Fig. 2 for an A-rich ternary eutectic alloy that

exhibits

reaction

with the

a primary L ~ y solidtilcation path followed by a mono-variant L ~ (y + ~) eutectic

that occurs over a temperature range before solidification is terminated isothermally

ternary L ~ (y + ~ + cc)reaction. In this case, solidification behavior within the mushy

zone is significantly more complex than the binary case. In addition to a region where primary y

coexists with liquid, the mushy zone now contains a region of finite width where the L, y, and P .

phases all coexist. This solidification behavior produces a complicated variation of fiction

liquid within the mushy zone, and can have a significant influence on solidiilcation cracking

susceptibility. 3 In order to calculate these mushy zone characteristics, it necessary to know two

distribution

between the

coefilcients for each important solute; one which describes solute partitioning

liquid and primary solid phase, and a second which describes partitioning between

the liquid and secondary solid phase within the eutectic constituent. The lack of such phase

diagram information limits the use of solidification modeling for multi-component alloys, and

restricts understanding of microstructural development in fi,lsionwelds of these alloys.

In recent years there has been considerable progress in the development of

thermodynamic software programs for calculating solidification parameters and phase diagrams

of multi-component systems. 5 This progress is likely to lead to more frequent use of solute

redistribution models and their application to alloy systems containing many elements. In view

of this fact ii is usefhl to assess the accuracy of these databases before they are filly integrated

into solidflcation modeling efforts. In this article, prelii results of an assessment of the

accuracy of the Thenno-Calc thermodynamic routine for modeling solidification of nickel base

superalloy will be presented.
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EXPERIMENTAL PROCEDURE

The experimental alloy compositions utilized in this research are summarized in Table 1.

The alloys contain factorial variations in Nb, Si, and C at two levels. The solidification behavior

of these alloys has been discussed in detail elsewhere. ‘“ Briefly, these alloys exhibit a

solidification sequence which is essentially identical to that of a Class II ternary system. 8

Solidification starts with a primary L ~ y reaction in which the liquid becomes progressively

enriched in ~ and C until the primary solidification path intersects the line of two-fold
.

saturation between the y and NbC phases. At this point the primary

by the mono-variant L ~ (y+ NbC) reactio~ which occurs over a

L ~ y reaction is replaced

range of temperature. This

reaction, which depletes the liquid of carbo~ continues until the Class II reaction is reache~ at

which point the L ~ (y + NbC) reaction is replaced by the L - (y + Laves) transformation.

Solidification is terminated with this final transformation, which occurs over a relatively narrow

temperature range. The final alloy contains primary y along with separated regions of @JbC and

y/Laves, each of which are present in a eutectic-like morphology.

The alloys were prepared by investment casting to approximate dimensions of 170 mm x

25 mm x 6.3 mm. The as-cast samples were machined into samples of 165 mm x 25 mm x 3.2

mm dimensions. Welds on these specimens were prepared using the gas tungsten arc (GTA)

process at a current of 95 amperes, 2.5 mm arc gap (10 V), and 3.3 mm/s “kzwelspeed. The

liquidus and solidus temperatures were determined using differential thermal analysis (DTA) on

a Netzsch STA 409 differential thermal analyzer using 500 to 550 mg samples. The DTA system

was calibrated to within 2°C by using a pure N1 standard (melting point= 1455°C). The liquidus

and solidus temperatures were determined by heathig samples at

approximately 10°C above their Iiquidus temperature. The samples

a rate of 5°C/rninute to

were then solidified at a

relatively fast cooling rate of 20°C/minute to determine temperatures of eutectic type reactions
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which occur under non-equilibrium solidflcation conditions. AU reported reaction

are an average from at least three tests, and the order of testing was randomized.

Scanning Electron Microscopy and Quantitative Image Analysis (QIA)
.

temperatures

were conducted

on the tmtogeneous welds using a JEOL 6300 Field Emission Gun Scanning E1ectron

Microscope (FEG-SEM) at an accelerating voltage of 15kV. Area &actions of total eutectic type

contents and, where possible,

measured along the centerline

individual y/NbC and y/Laves eutectic-type constituents

of each weld with at least ten SEM photomicrographs.

were

Area

fictions were assumed to be equivalent to volume fractions. Phase identification was conducted

by a combination of electron probe microanalysis and back-scattered electron difiiaction.

Table 1. Alloy compositions. All values in weight percent.

Alloy Fe Ni Cr Nb Si c p s

1 10.49 68.53 18.90 1.93 0.08 0.017 0.004 0.003

1.5 I 10.75 I 67.95 I 19.21
I I I

2 11.12 68.20 19.12
I I i

3 10.70 68.11 19.02
I 1 t

3.5 10.39 66.80 19.29
1 I t

4 10.72 67.60 19.08
1 , ,

5 10.84 65.79 18.98

6 I10.88 65.22 18.89

7 I 10.70 I 65.53 I 19.30

1.82 0.38 0.010

1.94 I 0.41 I 0.075
I I

1.91 I 0.40 I 0.155

=i=i--
1 t

4.87 0.08 0.161
r I

4.86 I 0.52 I 0.010

T0.004 0.003
0.004 0.002

I0.004 0.003
0.00410.003

3=
0.004 0.001
0.005 0.010

0.005 0.037
I

0.005I0.009
7.5 10.82 63.93 18.54 4.92 0.46 0.081 0.005 0.004
8 10.80 64.96 18.90 4.72 0.52 0.170 0.005 0.007
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RESULTS AND DISCUSSION

Reaction Temperatures and Phase Diagrams

There are two principal alloy parameters needed for solidification modeling: equilibrium

distribution coefficients and liquidus projections. In this section, these parameters are calculated

for the alloy system of interest using the Thermo-Calc NiFe Alloy database and compared to

experimentally measured values. In the next section, the calculated solidification parameters are

used in solute redistribution models in order to assess their resultant reliability in obtaining

accurate modeling results.

Liquidus and solidus slopes are important for solidification modeling as they can be used

to provide values for the equilibrium distribution coefficients. Experimental measurement of

these quantities can be obtained by measuring the liquidus and solidus temperatures with DTA

on homogeneous, single phase alloys with systematic variations in composition.G39Although this

approach is effective, it is also quite time consuming. Direct calculation of liquidus and solidus

tempemtures through thermodynamic databases would thus provide a usefid technique for

minhnizing the extent of experimental measurements. Fig. 3 compares the measured and

calculated liquidus and solidus temperatures for the alloys listed in Table 1 in addition to data on

other alloys reported in the literature, and the agreement is reasonable.

These calculations can easily be extended to determine the Iiquidus and solidus

temperatures over a range of concentration for a particular alloying element and an example is

shown in Fig. 4 for Nb and C for the alloys of interest. Fig. 4a shows the liquidus and solidus

temperature as a fhnction of N% content for various C concentrations. The calculated results

indicate that the liquidus and solidus slopes for Nb do not depend on the C concentration of the

alloy. Similar results are shown for C in Fig. 4b, where the C Iiquidus and solidus slopes are

independent of the Nb concentration. This indicates that interactive effects among Nb and C are
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negligible, and this has been confirmed experimentally. 9 These slopes can be used to determine

a value of the equilibrium d~tribution coefflcien$ k, which is defined (for solutes with constant

slope) as k = nz~m~.The mf, vz~,and k values for Nb and C have been measured experimentally,

and these values are compared to the calculated values in Table 2. Values for the binary Ni-Nb

and Ni-C systems are also provided for comparison. The results show that the calculated

solidification parameters for Nb and C are in reasonable agreement ~othe measured values. The

values for the liquidus and solidus slopes for C are less satisfactory, but the ratio of the slopes are

similar, thus providing a similar value of k for C. It is interesting to compare the solidification

parameters of the multi-component alloys to those of the corresponding binary systems. Note

that the k values for Nb and C are consistently lower in the multi-component systems relative to

the simple binary. This implies that the solubility of each element in the multi-component system

is reduced relative to the binary case, and ihstrates the potential error which can arise when

applying binary solidiilcation parameters to multi-component systems.

.

Table 2. Comparison of calculated and experimentally measured solidification parameters for?%
and C.

Element Calculated/ k Reference
Measured TClm$!) (“cT&?) (unitless)

Multi-component alloys
Nb Calculated -11.0 -24.0 0.46 This work
Nb Measured -8.3 -17.9 0.46 Ret 3
c Calculated -54 - -339 0.16 This work
c Measured -109 -507 0.21 Ref. 9

Binary Alloys
N-b Measured -8.4 -11.2 “ 0.75 Ref. 10

c Measured -70 -250 0.28 Ref. 11

,

2
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Liquidus projections are needed to follow the progression of reactions over the entire

solidification range. A y-Nb-C pseudo-ternary liquidus surface has recently been reported for the

alloys listed in Table 1, and this diagram is reproduced in Fig. 5 along with a calculated version

for the same alloy system. The general shape of this diagram is similar to that reported for the

simple Ni-Nb-C ternary system, except that the Ni3Nb phase is replaced by the Laves phase

(because of the presence of Fe and Cr).12The shapes of the calculated and experimental phase

fields in Fig. 5 are generally similar, but the calculated position of the two-fold saturation line

between the y and NbC primary phases underestimates the amount of Nb and C needed in the

liquid to initiate the L ~ (y + NbC) eutectic-type reaction. The solute redistribution model

described below requires a priori knowledge of the slope of the two fold satimition line and the

liquid composition at which the L ~ (y+ NbC) reaction is replaced by the L ~ (y+ Laves)

reaction. These calculated quantities are compared to experimentally measured values in Table 3.

Although the ylNbC two-fold saturation line displays a small degree of curvature, the line was

approximated by a linear equation. The potential error which can result with this approach is

addressed below. The calculated Nb and C required to start tie L + (y + Laves) reaction are in

good agreement with experimentally measured values. The a (intercept) and b (slope) parametem

for the two-fold saturation line are Iess satisfactory. The resultant effect of these input parameters

on the accuracy of solidification models is dkcussed in the next section.

Table 3. Cornptison of measured and calculated two-fold saturation line characteristics for the
@_b-C pseudo-ternary liquidus projection.

Quantity Measured Calculated

CCU (y+-Laws) 0.04w%c 0.04Wt%c
GO,L (y+Laves) 23.1 wt%llb 22.2 W’t%N-b

a 1.13 Wt% c 0.62 wt% C
b -0.047m!??CM%Nb -0.026wt%CM%Nb



Coupling of Solidification Models and Calculated Phase Diagrams ,

The solidiilcation behavior of multi-component alloys depends on the diflhsivity of each

solute “mthe primary solid phase. For the alloys of interest to this work, Nb and C have been

shown to be the primary solutes which control microstrucmral development. ‘“ The diffisivity of

Nb in austenite is negligible while C diflises rapidly enough to completely eliminate

concentration gradients during solidification. 13’14A solute redistribution model has recently been

developed which describes this particular condition; 7 The model was developed by modi@ng

the original mass balance equations derived by Mehrabian and Flemings to account for infinitely

fast difision of C in austenite. 15The relation describkg the variation in Nb and C contents in

the liquid during primary solidification is given by

“Co,c - kccl,c 1
km -1

-0 -kc) %,c
(3)

where Cl,w and Cl,c are the Nb and C contents in the liquid, respectively, during the primary L

~ y stage of solidification, CO,mand CO,care the nominal Nb and C contents of the alloy, and

km and& are the equilibrium distribution coefficients of Nb and C in the primary y phase. Once

the primary solidification path and liquidus projection (Fig. 5) are established, the total amount
—

of eutectic that forms is determined by fust calculating the intersection point of the primary

solidification path with the line of two-fold saturation. As in Table 3, the line of two-fold

saturation between the y and NbC phases can be expressed (for the experimental data) as a

straight line

Cl,c = a + bCl,M (4)
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where a is the intercept and b the slope of the two fold saturation line. Solving equation (4) in

tenhs of CLW, the intersection point is simply given by

(5)

Equation (5) defines a unique C1,Cvalue at the intersection point. The corresponding

value of Clm is calculated by back substitution of this value of C~Cinto equation (4), and this

value of Cl,m is used to calculate the total amount of eutectic-type constituent through the Scheil

equation

[1Ce k:-1
fe= —

co

As the liquid composition moves down the line of two-fold saturatiorq additional terms are

needed in the mass bakmce equations to account for the additional solid phase (NbC) forming

from the liquid. This has been described in detail in Ref. 7. The final form of the mass balance

during the L ~ (y + NbC) reaction is given by

~=- 1 L-[ky:;Yl[ bk7,cCo,c-bCmc,c[fI+k7,c(l -fill 1 (7)
dcl,m (1-kr,m) Cl,m (%w,c “ky,ccl,c)2

Here, Ci~ denotes the concentration of element j in the i phase while kij represents the

distribution coefficient for element j between the liquid and the i phase. The distribution
.

11
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coefficients for F% and C in y are assumed to be constant at the values calculated above and

summarized in Table 2. Equation (7) describes the variation in fraction liquid with liquid

composition at any value off along the line of two fold saturation between y and NbC. This

relation can be used to calculate solute redistribution during the eutectic-type L + (y+ NbC)

reaction using an iterative scheme. The fwst value of i (= a), CIN and C~c are calculated from

the intersection of the solidification path and line of two fold saturation, as given by equations

(5) and (6). These values are used to calculate the first value of (df~dCIN)l. The value of (Clw)l

is then incremented by a very small amount ACW, along the line of two fold saturation to a new

value of (Cl~)Z = (Cw)l + ACI,m. The corresponding value of (CI,C)2is determined through

equation (4). The corresponding value of (fi)z is calculated by

(8)

This approach permits the values of k~m and kw,c to be calculated at each step by

knowledge of the NbC and liquid compositions. When the values of Cl,m and Cl,creach the Class

II reaction where the L ~ (y + NbC) transformation is replaced by the L ~ (y + Laves) reactioq

the remaining fiction liquid at that point transforms to the y/Laves eutectic-type constituent and

solidification is complete.

Fig. 6 shows the solidification paths of Alloys 7 and 8

Nb-C pseudo-ternary liquidus projection. The solidification

superimposed on the calculated y-

paths were determined from the

calculated values of km and ~. These two alloys have nearly identical Nb contents, but their C

concentrations are different (0.01 wt?/o C in Alloy 7, 0.17 wt?/o C in Alloy 8). This difference in

carbon concentration leads to a sigrMcant difference in the solidification path and the amount of
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eutectic that forms

constituent and less

in the fkal weld microstructure. Alloy 7 forms 2.7 vol. 0/0 of the y/Laves

than 0.5 vol. % of the y/NbC constituent. By comparison, Alloy 8 forms 13.7

vol. YO of the @bC constituent and only 1.5 vol. 0/0of the y/Laves constituent. This difference is

easily interpreted based on the variation in solidification paths shown in Fig. 6. As the C content

of the alloy is increase~ the primary solidification path extends far into the C-rich side of the “

liquidus projection before it intersects the y/NbC line of two fold saturation. At this point the

liquid composition follows the line of two fold saturation as y and NbC form simultaneously

ftom the liquid. A large amount of the y/NbC constituent forms because the liquid must “travel”
. .

a relatively long distance (in composition and temperature) down the two-fold saturation line.

relatively small amount of liquid remains at the Class II reaction poinL and this liquid

converted to y/Laves as the liquid composition follows the y/Laves two-fold saturation line.

A

is

By comparison, the solidification path of Alloy 7 remains close to the y-hlb psuedo-

binary side of the diagram (because of the low C content) and barely intersects the y/NbC line of

two-fold saturation. Thus, only a small amount of y/N_bCforms as the liquid travels a short

distance down the yiNbC two-fold saturation line. These dtierences in solidification paths

account for the observed variations in weld microstructure between the two alloys. Thus, the

calculated solidification paths and liquidus projections provide usefid tiormation for qualitative

interpretation. Their accuracy for quantitative predictions is described below.

Fig. 7 compares the measured and computed amounts of eutectic constituents determined

with the calculated values of equilibrium distribution coefficients and linear equation parameters

for the two fold saturation line. The calculated eutectic quantities are consistently above those

measured experimentally. This error could be from three possible sources; the error in the value

of ~, approximating the line of two-fold saturation as a straight line (i.e., ignoring the curvature

in the line), andfor the error in the a and b parameters for the y/NbC two-fold saturation line.
1%
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Fig. 8 shows another comparison in which the experimentally measured value of ~ (=0.21) was

used in the calculations, and there is no significant improvement in the results. This indicates that

the error in the modeling results can not be largely attributed to the difference between the

measured and calculated value of h. Fig. 9 compares the measured to calculated total eutectic

constituent that results when the curvature in the two fold saturation line is accounted for by

using an exponential equation of the form shown in the figure. Only the total eutectic constituent

is used here because the mass balance equations for the L + (y+ NbC) reactions are not yet

capable of handling curvature in the two fold saturation line. Although the fit is improved

slightly; there is still deviation at the higher eutectic quantities. Fig. 10 shows an additional

comparison where the calculated value of& (=0.1 6) was used along with the experimentally

determined parameters for the y/NbC two-fold saturation line (a = 1.13 wt% C, b = -0.047 wi%

C/wt?? Nb), and the fit is quite good. This comparison indicates tha$ while the calculated ~

value is accurate enough for quantitative modeliig, the calculated parameters for the two fold

saturation line induce signiiZcant error in the modeling results. This is demonstrated in Fig. 11,

which compares the possible solidification paths and intersection points of Alloy 8 using the

measured and calculated values for & and the calculated (with curvature) and experimental two

fold saturation line. The value of fiction liquid that exists at each intersection poin~ which is

equivalent to the total amount of eutectic (@ibC + y/Laves) that forms is al.o noted. This

comparison shows that the results are largely dependent on the position of the two-fold saturation

line, and are less sensitive to

using ~ =0.21, the primary

the value of ~ (within the range of& evaluated). For example,

solidification path intersections the calculated line of two-fold

saturation at 10 wt% Nb, and 0.22 fiction eutectic (22 vol. ‘Mo)is predicted to form in the final

microstructure. By comparison, the same primary solidification pa& intersects the

experimentally measured two fold saturation he at 0.15 tiction liquid (15 vol. ‘/o), which is in

14
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good agreement with the measured value of 15.2 vol. %. ‘l%us,a seemingly small change in the

eutectic composition (C~) has a large influence on the calculated amount of eutectic. By

comparison, a change in ~ from 0.21 to 0.16 has only a small effect on the calculated value of

fraction eutectic.

These relative effects of k and C. can be seen directly from the Scheil equation and are

shown graphically in Fig. 12, which is a plot of equation (2) for a range of C~COvalues and two

k values. Note that a change ink from 0.1 to 0.2 leads to only a smalI variation in the calculated

fraction eutectic. However, when the ratio of eutectic to nominal composition ii relatively low

(less than - 4), then a small change in C~COleads to a large difference in the amount of fraction

eutectic. If the nominal composition is much less than the eutectic composition (i.e., C~CO is

Iarge), then the calculated fraction of eutectic is less sensitive to the value of C~CO.This effect

can be observed in the comparisons shown in Figs 7, 8, and 9. The alloys which are low in

combined solute @b and C) form only a small amount of eutectic, and the agreem~nt between

the measured and calculated values is reasonable. However, the difference between the measured

and calculated values becomes larger as

These results imply that reasonably

the alloy content increases and more eutectic forms.

accurate k values can be determined from tie

thermodynamic database, but that the calculated eutectic compositions must refined before more

reliable quantitative modeling can be attempted.

l’i
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SUMMARY

Solute redistribution and microstructural evolution have been modeled for gas tungsten

arc welds in experimental superalloys using a pseudo-ternary y-Nb-C approach. The solute

redistribution model utilizes equations developed for solid~lcation of a ternary alloy in which

one solute exhibits negligible diflision in the solid phase while the other solute diilbses rapidly

enough to maintain equilibrium. The model was applied to calculate the variation in tiction

liquid and liquid composition during the primary L ~ y and eutectic type L + (y + NbC) stages

of solidification for the y-Nb-C system. Input parameters were calculated from the Therrno-Calc

NiFe Alloy data base and compared to results obtained from experimentally determined

solidification parameters. The model results provide usefi.d information for qualitatively

interpreting the influence of alloy composition on weld microstructure. The quantitative

comparisons indicate tha~” for the alloy system evaluated, the database provides sufficiently

accurate values for the distribution coefficients of Nb and C. However, the calculated position of

the @JbC two fold saturation line produced inaccurate results when used as an input for the

mode~ indicating that fhrther refinement is needed for quantitative calculations.
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