Table I. Comparison of the Efficiency Parameter (Percent)
for 3 to 9 Pure Aluminum at 7 = 450 °C and £ = 0.3

Computational Modeling of
NbC/Laves Formation In INCONEL
718 Equiaxed Castings

L. NASTAC and D.M. STEFANESCU

The importance of modeling of NbC/Laves formation
in INCONEL* 718 is broadly discussed in the

*INCONEL is a trademark of INCO Alloys International, Inc.,
Huntington, WV.

Test Datal¥ Efficiency Parameter, i (Pct)
Strain Rate  Flow Stress  Method of Ref. 4  Present Study
(S o (Mpa) Eq. [6] Eq. [7]
0.001 5.9 35.05 35.05
0.01 9.8 38.20 36.73
0.1 16.5 30.93 35.26
1.0 233 27.67 26.40
10.0 348 25.65 28.80
100.0 44.0 14.69 17.48
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Fig. 1—Efficiency parameter (n) with the strain rate (£) from the data of
Table 1.

rates. This is mainly due to the erroneous assumption of
power law holding good from zero to each strain rate. In
the present study, the continuous piecewise polynomial is
fitted for o-¢& data; and o is obtained from this curve at any
&, as required in the evaluation of the integral in Eq. [7],
which is obviously more efficient.
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literature.l'® It is also known that the distribution of car-
bides, Laves phases, and microporosities in alloy 718 is af-
fected by the solidification path. The volume fraction of solid
is a function of local growth velocity, solidification time,
solidus temperature, local temperature gradient, etc. The re-
distribution of elements strongly affects the phase evolution
in common superalloys which, in turn, affects their mechan-
ical properties and stability at elevated temperature.

The goal of this work is to develop a solidification ki-
netics model for prediction of NbC and Laves phase evo-
lution during casting solidification. Previous studies on
alloy 718 showed that both NbC and Laves produce inter-
granular liquid films due to the intergranular distribution of
Nb and C.5¢! Also, the ability of Laves to promote inter-
granular liquation cracking (microfissuring and hot crack-
ing) during heat treatment is much higher than that of NbC.
This is because the temperature of Laves phase formation
is usually lower than that of NbC, i.e., liquation initiates at
the eutectic-Laves temperature.

Experimental evidence demonstrates that the amount of
NbC and Laves in cast alloy 718 is different from that
predicted by phase equilibrium. The reason for this differ-
ence is that while in equilibrium processes mass diffusion
transport is very fast compared with solidification kinetics
(V << DIL), in casting processes, solidification kinetics is
much closer to diffusivity (¥ <= D/L). Thus, solidification
kinetics cannot be ignored.

In References 5 and 6, it was demonstrated that the car-
bon content of alloy 718 directly affects the volume fraction
of carbides. This is readily explained from a pseudoternary
(y-NbC-Laves) phase diagram.’! A schematic of an iso-
thermal section through the space diagram of the pseudo-
ternary y-NbC-Laves system, just above the ternary
eutectic, is presented in Figure 1.

The as-cast alloy could contain a higher volume fraction
of NbC and Laves phase than what the phase diagram sug-
gests due to the microsegregation during solidification. The
relative volume fractions of NbC and Laves depend on the
C/ND ratio. Alloys with high C/Nb ratio will have a higher
volume fraction of carbide than alloys with low C/Nb ratio.
The possible solidification paths of the y-NbC-Laves, sche-
matically presented in Figure 1, are summarized in Table 1.
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Fig. 1—Schematic representation of solidification paths based on
isothermal section through the space diagram at the pseudoternary eutectic
temperature.

Table I. Summary of Possible Solidification Outcome of
y-NbC-Laves System as a Function of the C/Nb Ratio

Microstructure
C/Nb Ratio Solidification Path ~ Laves NbC
Sufficiently high 1-2-4 no maximum
High 1-2-3 low high
Sufficiently low m-n-¢, maximum no
Medium (alloy 718) a-b-c-e medium  medium

The proposed model is based on the following assump-
tions: instantaneous nucleation of carbides, carbide growth
only in the liquid, negligible interference between growing
carbides, carbides pushed by the solid/liquid (S/L) inter-
face,” volume diffusion limited growth of carbides, and
binary diffusion couple.

The following calculations are required to predict the
NbC/Laves phase formation in INCONEL 718: (1) cou-
pling of macrotransport—solidification kinetics models, (2)
equiaxed dendritic growth of the y phase, (3) nucleation
and growth of NbC assuming that the slow step is the vol-
ume diffusion of carbon from the liquid to the NbC/Laves
interface, (4) modeling of the solute redistribution of Nb
and C, and (5) growth of the Laves phase. They will be
discussed in detail in the following paragraphs.

(1) The macroscopic model for heat transport calculation
was a simple one-dimensional, implicit, control volume
model. The boundary conditions were selected such as to
match the experimental cooling rates obtained in our pre-
vious work.">) The coupling between the macrotransport
and the solidification kinetics models is accomplished
through the Latent Heat Method,!"®] where the heat source
term, O, is

f;/ a.ﬁ\l bC aﬂaves

. )
Q = pyLy 5 + prC LNbC (")t + pLavesLLaves (:)t

with
f;/ +beC +ﬁaves = 1 [1]

where f'is the fraction of phase, p is the density, and L is
the latent heat of fusion.
(2) The equiaxed dendritic growth is based on the alloy
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718 pseudobinary phase diagram.!'®! The primary driving
force for growth is considered to be the liquid Nb concen-
tration. The model for equiaxed dendritic growth of alloy
718 is described elsewhere.['>1%17 1t is applied here to cal-
culate the evolution of the fraction of solid of the vy phase.

(3) It is assumed that the growth mechanism of NbC is
governed by the carbon diffusion from the liquid to the
NbC/Laves interface and by the reaction kinetics between
Nb and C. Applying the metastable progress variable ap-
proach, it can be shown that the chemical reaction rate is
very high, i.e., the kinetics of reaction can be neglected in
further calculations (Appendix I). Thus, carbon concentra-
tion is depleted at the NbC/Laves interface, and the amount
of NbC precipitated depends on the volume diffusion of
carbon from the liquid to the NbC/Laves interface.

The schematic representation of the diffusion pattern for
NbC as well as the main model assumptions are discussed
in Appendix II. It is assumed that the carbides nucleate in-
stantaneously at the equilibrium solidification temperature of
alloy 718 (T = 1609 K). The solution of volume diffu-
sion-limited growth is described by the averaging method:

V. — & (L) 2]
e ¢NbC RD - RNbC
with

1/3

A7R 3
d)NbC — LYY and RD - = (L)
A, 47 \Nyc

where (), is the solutal supersaturation, ¢y, is the shape
factor of the NbC that accounts for its real geometry, R, is
the radius of the microvolume element, Ry, is the radius
of the NbC particle, 4, is the surface area of the blocky-
shaped NbC particle, v, is the volume of liquid, and Ny,
is the volumetric density of carbides in the liquid. Experi-
mental measurements in Reference 19 demonstrated that
the shape factor of NbC varies between 0.54 and 0.74 and
that it decreases with cooling rate.

(4) The redistribution of both C and Nb are calculated
with the modified model described in Reference 14. The
main assumptions are as follows: solute transport is cal-
culated in both solid and liquid phases assuming Fick’s law
for binary systems in spherical coordinates; the solid/liquid
interface is planar and under local equilibrium; there is no
solute flow into or out of the volume element (closed sys-
tem); and there is constant initial liquid concentration. The
overall mass balance is described by

1 Vnbe .
P f p,Cdvy = C) — 2o Fibe pet Cre [3]
PyYa 5, Yo Py
with

R* Ry
f Cdy, = f 47rr2 Cydr + f 47r2 C dr  [4]
vo 0 R*

where C, is the initial concentration of the alloy, vy, is the
actual volume of carbides, v, is the volume of the element
over which the mass balance is calculated, and pct Cy,. is
the C concentration in NbC.

The overall mass balance is used to couple the concen-
tration fields in both the solid and liquid phases.

Note that the cross-interdiffusion coefficients, as required
in calculation of pseudoternary systems, are usually one
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Table II.

Data Used in the Calculations

D, D, p Ceu
Element (m? s7Y) (m? s (kg m™3) k (Wt Pct)
Nb 1 X 10712 1 X 107° 8400 0.48 19.1
C 2 X 10-1° 2 X 10°° 2400 0.2 222
L r p K, m, T, C Nb
Phase (J kg™ (K m) (kg m™3) (Wm™ K™ (K wt pet™?) 0 (Wt Pct) (Wt Pct)
NbC 435,000 — 7200 — — 1330.0 15.0 85.0
IN718 295,000 3 X 1077 7620 30.0 —10.83 1330.0 0.06 5.25
2.5 45
. % Laves - Exp. 0.7
£ ol o — Laves - Calc.
E 2 4 106 ¥
@ t
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Fig. 2—Measured grain radius vs cooling rate.
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Fig. 3—Measured carbide radius vs cooling rate.

order of magnitude lower than normal diffusion coeffi-
cients!'>131 and are neglected in this analysis.

The solution of this diffusion couple is a modified ver-
sion of the Nastac and Stefanescu model'¥ and consists of
the following equations:

Interface concentration:
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Cooling rate, °C/s

Fig. 4—Experimental and calculated amounts of NbC and Laves phase as
a function of cooling rate. Initial carbon and niobium contents were 0.06
and 5.25 wt pct, respectively.

1
CO(kIS+IL—§)+Q
Ci= (3]
1 (0-kf
ki, + 1, -+ L0
3 3

where f = (R*/Rf)* and Q, I, and I, are calculated with

Ve ;
0= NbC PNbC pct Cre

Y

and
- 1 [ ( a, )2 D, t]
] — 2 2/3 1 — 1/3 —_ - _—
L fS ( fS)"ZI aﬁexp l_féB sz
R,
with tan o, = —L%_ [6]
Rf - R*

The average concentration in the liquid phase is

4 Ry
Cyr=""] rcmdr=Ct+6
Vu [7]
R, — R* 5 exp (—A, D, 1)
R} — R*3 n=1 o?

(C — CPH R*
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Fig. 5—Influence of cooling rate (left—T =1Ks™, and right—T = 9 K s7') on the amount of NbC precipitated in as-cast INCONEL 718. Initial carbon

and niobium contents were 0.125 and 5.25 wt pct, respectively.

where v, is the volume of the liquid phase, r is the radial
coordinate, C, is the initial concentration, the eigenvalue,
A, 18 A, = (R, — R*)72, and q, is the nth root of the
equation o,R, cot o, = R, — R*.

(5) The Laves phase starts to form when the concentra-
tion of Nb reaches the eutectic (y + Laves) composition,
which is 19.1 wt pct Nb. The kinetics of Laves is very high
due to its morphology (eutectic or globular-type divorced
eutectic) and appearance as discontinuous thin films at the
grain boundaries. It is assumed that the amount of Laves
phase is directly related to the Nb concentration.!!>1¢:17]

The physical properties used in the present calculations
are shown in Table II. The measured equiaxed grain radius
and carbide radius as a function of cooling rate are pre-
sented in Figures 2 and 3, respectively. The experimental
procedure is described in References 15 and 16. The ex-
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perimental and calculated amounts of NbC and Laves phase
as a function of cooling rate for the initial carbon and ni-
obium contents of 0.06 and 5.25 wt pct, respectively, are
shown in Figure 4.

The influence of cooling rate on the amount of NbC pre-
cipitated in cast INCONEL 718, when the initial carbon
and niobium contents were 0.125 and 5.25 wt pct, respec-
tively, is presented in Figure 5. As the cooling rate in-
creases, the amount of precipitated NbC decreases and falls
short of the maximum (equilibrium) amount. Note that the
liquidus and solidus temperatures, 77°¢ and 7%°C, are
strongly dependent on the cooling rate.

In this work, a computational model for the prediction
of niobium carbides and Laves phase evolution during so-
lidification was developed and validated. It was demon-
strated that an optimum combination between C and Nb as
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a function of cooling rate has to be achieved to minimize
the amount of both NbC and Laves, in order to obtain a
Laves-free microstructure. This optimum combination may
result in improved mechanical properties, such as good
stress-rupture ductility due to the formation of a higher vol-
ume fraction of carbides (spherical shape), improved
room-temperature tensile strength and ductility due to the
elimination of the Laves phase, etc.

APPENDIX I
Thermodynamics of NbC

From Reference 10,
Nb + C - NbC, AG = —140,100 + 11.76 T (°C) (J) [la]
Then,

X 1 AG
K., = isLe L = ex (— —) [Ib]
gy e X Xe Yo Ye RT

When T > 1500 K, K,, > 104 i.e., the chemical reaction
rate is very high and can be neglected.

APPENDIX II
Growth of spherical precipitates

It is assumed that the spherical growth is only due to the
mass diffusion in the liquid phases. The assumed diffusion
profile during growth is shown in Figure II.

Fick’s law only in the liquid phase gives

aC 19 aC
—F === (r2 D, —L) [1la]
ot r? or or

B.Cs. C(r=R*f=C*
ILC.  Crnt=0)=(C),

Cr - =) =«C), [lIb]
7= Rye [TIc]

where an asterisk indicates the S/L interface, D, is the lig-
uid diffusivity and (C), is the intrinsic volume average lig-
uid concentration.

Also, the flux balance at the S/L interface must be sat-
isfied; i.e.,

aC
Vo (Clie = C1) = D, =4 [11d]

Xbe

Since the volume fraction of NbC is small at all times,
negligible interference between neighboring growing car-
bides is assumed. Thus, the composition of the bulk liquid
should remain effectively (C),. Then, the solutal supersat-
uration is

_ <C>L — CﬂL(

T O
Cle — C¥

Q [1Ie]

where CF¥, the liquid interface concentration, is unknown
for carbon.

In Reference 5, it was shown (refer also to the tie triangle
in Figure 1) that the diffusion path should be such that the
interfacial Nb and C concentrations, Nb} and C¥, satisfy
the following equation, which describes the NbC-vy diffu-
sion couple in alloy 718:
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Fig. [I—Schematic representation of the diffusion pattern for NbC.
oONb 1 aCl 1
py 20 ~p X0 i
dr  Nby,c — Nb¥* or Cye — C*
From calculations (refer also to Appendix I),
Cae >> (C), >> C*¥ 00 [1Ig]

Also, the concentration gradient can be approximated as
(Figure 11a)
3_CL _ <CL> B CT

[1Th]
ar R, — Rue

r=RNbC

Thus, when combining Eqgs. [11d] through [h], the growth
velocity of the niobium carbide is obtained as

D

Ve = O, ——-— [11i]
e RD - RNbC
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