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Abstract

Microsegregation and microstructural evolution in directionally
solidified superalloys is calculated using a unit cell approach.
The results are compared to experimental micrographs and
composition profiles. CMSX-4 and Inconel 706 are used as
examples for a single-crystal and a conventional superalloy
respectively. Two micromodels are applied to simulate solidifi—
cation of the two alloys. For CMSX—4 as a typical SX alloy the
SX-Model is formulated based on the Scheil approximation.
For conventional superalloys as IN706 however carbon as inter—
stitial element leads to considerable solid-state back diffusion.
For that reason the more sophisticated Shape—Constrained
Phasefield Model (SCPF-Model) is presented, which applies
for diffusion in all phases and includes precipitation of secon—
dary phases. In both models thermodynamic databases assessed
using the CALPHAD method are coupled using the Thermo-
Calc software package.

Introduction

Solidification of muiticomponent alloys such as Ni—base super—
alloys under practical conditions is always associated with sol—
ute redistribution of the alloying elements. Therefore formation
of chemical inhomogenities and the consequent precipitation of

interdendritic phases can be observed. Such inhomogeneous
microstructures result in poor mechanical properties, even after
heat treatment. For that reason it is required to predict segrega—
tion and secondary phase precipitation for different process
parameters as well as for different alloy compositions.

Extensive work has been done to predict microsegregetion in
dendritic microstructures. Frequently one—dimensional plate
morphologies are used to describe the growing of secondary
dendrite arms'™. The half dendritic secondary arm spacing Az/2
is used as length of the unit cell. Some models include coarsen—
ing of secondary arms®*,

In processes like electroslag remelting (ESR) or vacuum arc
remelting (VAR) dendritic growth of Ni-base superalloys nor—
mally is near to the cellular—dendritic transition region due to
the high thermal gradients. No tertiary arms are observed and
the dendrites form a more or less regular array. In such cases
one—dimensional cylindrical models have been formulated,
which use the primary dendritic distance A, as the dimension for
the unit cell®. Recently Ma’ proposed a pseudo—~2D model for
cellular dendritic solidification of Ni-base superalloys. This
approach uses a fourfold shape function for description of the
isothermal cross~section perpendicular to the growth direction

‘of the dendrite.
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Superalloys are complex multicomponent systems. Generally
the correct thermodynamic description is much more important
than sophisticated kinetic modelling to get results, which are
comparable to experimental findings®, Multicomponent systems
are olten described by linearized or interpolated phase dia—
grams™". This is a crude approximation, especially because
tielines are not specified. Thermodynamic databases instead
provide Gibbs energy phase descriptions of the system, which
are based on a large number of experiments and are assessed by
the CALPHAD'' approach. By total Gibbs energy minimization
phase equilibria can be obtained using software packages such
as Thermo—Calc"”. In the case of superalloys such databases
have been developed including up to 13 elements and a large
number of phases of practical interest' as well.

The unit cell approach

The two models used here are based on a unit cell approach for
directional dendritic solidification which makes use of a four—
fold shape function for the approximation of the isothermal
cross section of a dendrite, like that shown in Fig. 1, and was
proposed by Ma':

L(B)=L (1){1+Acos4P)
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Fig. 1. Cross-section through a CMSX-4 dendritic array
obtained by directional solidification.

The amplitude factor A determines the amount of anisotropy of
the shape function. For A=0 a circular shape is observed corre—
sponding to cellular growth, the maximum value is A=1. The
unit cell is depicted in Fig. 2.

The function is chosen according to the description of the sur—
face free energy of fee crystals™, Under the conditions of high
thermal gradients and low cooling rate no tertiary arms are
observed and the shape function is a good geometric approach.
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Fig. 2: Dendritic unit cell used for the SX- and the
SCPF-Model.

The side length of the unit cell is correlated to the dendritic pri-
mary spacing A; and can be estimated from the thermal gradient
G and the solidification velocity v using the theory of Hunt":

(2)

According to Goldschmidt' the factor K can be considered as a
unique constant for superalloys. Alternatively K can be esti—
mated from experiments.

ll - KG =112 V—I.M

SX-Model: Scheil approximation for SX-alloys

Within the SX-Model back diffusion is neglected as no fast
diffusing interstitial elements are present in single crystal alloys
and diffusion in the liquid is considered to be complete (Scheil
approximation). So the solid fraction f; is only a function of
temperature T which itself depends on solidification time r:

f,=f(T) (3)

)

In Eq. 4 G denotes the thermal gradient and v the solidification
velocity along this gradient.

T=T,-Gvt

Within the unit cell model f; corresponds to the quotient of the
dendrite area and the total area of the unit cell:

=lj 0.5L*B)dp 5

At later solidification times growth of the dendrite is hindered
by neighboring dendrites. In this case the position of the solid—
liquid interface may exceed the maximum length given by the
primary dendrite arm spacing. Then the size of the shape func—
tion must be corrected properly’ to get the correct value for f..



The amplitude factor A can be estimated using an empirical
relation proposed by Ma’. The amplitude factor depends on the
solidification velocity v and on the critical value v, at which the
solidification front shows fully developed cells:

A=1- [VT]% (6)

In case of v being equal to v. A equals to zero corresponding to
a circular dendritic cross section. At v=v, the planar solidifica—
tion front shows first instabilities, at a higher value v, the tran—
sition from cellular to dendritic growth is observed. v is taken
to lie halfway between v, and v, (Fig. 3).
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Fig. 3: Relation between the amplitude factor A and the

solidification velocity v

To model the evolution of the shape function with time, the
temporal evolution of the fraction solid f; is needed. For SX—
superalloys back diffusion can be neglected and the multicom—
ponent Scheil model is applied. It is implemented using a FOR~
TRAN code, that calls subroutines of the TQ-interface pro—
vided by the thermodynamic software Thermo-Calc'?. The
thermodynamic description for the multicomponent CMSX~4
was developed by Thermotech Ltd. and Rolls—Royce plc. was
used'’. Further details about the model can be taken from else—
where™'7,

The Shape—Constrained Phasefield Model

For conventional superalloys the Scheil model is not suitable
for prediction of microsegregation and secondary phase pre—
cipitation because of fast back diffusion of the interstitial ele~
ments. Therefore the more refined numerical Shape-Con—
strained Phasefield (SCPF-) Model is used.

Implementation of the shape function on a numerical finite
differences grid

Although this model like the SX—Model is based on the unit cell
approach (Fig. 2), the growing shape function is treated in a

numerical manner. The shape function is projected onto a finite
difference grid (Fig. 4). Like in phasefield methods a diffuse
interface is applied to avoid the necessity of front tracking and
to allow the application of a single diffusion algorithm in the
whole multiphase region. A phasefield parameter ¢, is defined,
which denotes the phase fraction of all phases o. The diffuse
interface region is created by application of a hyperbolic tangent
function perpendicular to the interface (Fig. 4). The use of iso—
lating boundary conditions at the border of the unit cell ensures
proper treatment of the interactions with neighboring dendrites
for a regular dendritic array. For reasons of symmetry only a
quarter of the unit cell needs to be calculated.
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Fig. 4 Implementation of the unit cell in the shape-con-
strained phasefield model on a finite differences grid with
diffuse interface.

Multicomponent Diffusion

The diffusion algorithm used in the SCPF—Model is based on
the Multi—Phasefield diffusion concept'® and has been general-
ized for multicomponent systems. The total flux of component k
dc¥dt in the multiphase region is considered as the sum of the
fluxes in the individual phases weighted by their phasefield
parameter ¢, which corresponds to the local volume fraction of
phase o (volume average approach):

N
dc*ldt=V % ¢ D"V @)

a=1
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The diffusion coefficients D,* in all phases o are regarded as
constant, but could also easily be implemented as temperature—

dependent. The composition of phase o is obtained from the

partition coefticients K, betweeen phase o and all other phases
B and the phasefield parameter ¢p:

®)

Thermodynamic coupling

For IN 706 a commercial Ni database from Thermotech Ltd.
with 11 elements was used and from there the partition coeffi—
cients and the undercooling of the interfaces are calculated.

As in the SX-Model thermodynamic coupling is done using the
TQ-interface of the software Thermo—Calc. Partition coeffi—
cients must be evaluated for all interface cells to obtain the
phase compositions needed for the diffusion algorithm (Eq. 8).

The growth kinetics of the shape function is determined using

the average solutal undercooling AT of the interface, calcu—

lated from the average composition by Thermo—-Calc subrou-—

tines. Additionally the curvature contribution AT i calcu—

lated to obtain the kinetic undercooling of the interface:
AT=AT +AT

sedutal

®

An exponential kinetic equation is used which is built up as a
sum two terms for forward and backward motion of the solidi—
fication front:

curvafure

T() A T() ( 10)

AT —~AT
v= vul:exp (————-)—exp(—)]
A
Here v, and ATy are numeric parameters which describe the
mobility of the interface.

Separately the undercooling of the region of the secondary arm
is calculated to obtain the growth velocity in the [001] direction
of the dendrite:

AT AT ooy
"‘()(ll =V(IK exp( . ) (11)
o [ A AT,

¥ is the kinetic anisotropy factor which raises the mobility of
the [001] direction, It is assumed to be 1.05 in the calculations
below. With the two velocities v and vy Lo and L(0°) in Eq. 1
can be obtained and the amplitude factor A can be calculated for
each time step:

W) exp (—
0

_L@

Ar) .00

! (12)
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By this way A(t) is included as additional variable to allow the
system to change from cellular to dendritic growth depending
on the growth conditions, the diffusion coefficients and surface
energy.

Precipitation of interdendritic phases

Precipitation of secondary phases is an important factor in
solidification processes, as they can be detrimental for the
mechanical properties or can raise the homogenization time
necessary for their removal. In this model secondary phases are
included as circular shape functions, i.e. the amplitude factor A
is restricted to zero. Nevertheless after complete solidification
the precipitates are not necessarily circular because they can be
partially overgrown by the primary dendrites. Thus the exact
shape of the precipitates cannot be predicted by the model, but
the volume fraction and the spatial distribution in the unit cell.
Interactions between solid phases are not included.

Nucleation is assumed to take place at the solid-liquid interface
of the primary dendrite. For nucleation a certain undercooling
AT is necessary. The local undercooling is calculated using
Thermo—Calc and the thermodynamic database.

Experimental Details

For validation of the models two samples of CMSX-4 and
INCONEL 706 were directionally solidified in a Bridgman fur—
nace. The nominal compositions of the two alloys are shown in
Tab. 1 and 2. The CMSX—4 sample was solidified at a velocity
of 1.0 mm/min with a thermal gradient of 2.85 K/mm, the
IN706 sample at v=2 mm/min and G=15 K/mm.

Tab. 1: Nominal and measured compositions of CMSX~-4

Ni Co Cr Ta w Al Re Ti Mo Hf
nom. bal. 9.0 6.5 8.5 8.0 5.6 3.0 1.0 0.3 0.1
EDX | bal. |10.02) 632 | 6.04 | 583 | 50 | 278 | 1.0 | 0.36 | 0.51

Tab. 2: Nominal and measured compositions of IN706

Ni | Fe Cr Nb Ti Al Mg Si [~ B
nom. | bal 374 | 16.0 29 176 0.2 0.1 0.1 0,02 | 0.004
EDX | bal. | 38.0 | 169 3.0 1.65 - - - 0.01 -

Composition measurements of IN706 were made using energy
dispersive X-ray analysis (EDX, Type Oxford Link-Isis). For
CMSX-4 microprobe measurements (WDX, Type Cameca
SX 50) were necessary to distinguish between W, Re and Ta.
For "each alloy one linescan along the [001]-axis (secondary
arm direction) and one in the [011]-direction was chosen. The
exact positions are indicated in Fig. 5 and 6.
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Fig. 5: Scan paths on the CMSX-4 sample. Scan 1 goes
from the center along the [001]-axis, scan 2 crosses the
region between the secondary arms.

Fig. 6:
from the center along the [001]-axis, scan 2 crosses the
region between the secondary arms.

Scan paths on the IN706 sample. Scan 1 goes

Experimental and Numerical Results
SX-Model

For the SX-Model the critical velocity v. for the cellular—den—
dritic transition (Fig. 3) must be obtained from additional
experimental data with very low solidification velocities. This
was done for CMSX—4, where beginning front instabilities were
found at v=0.009 mm/min. Fully developed cells were formed
at v.=0.0193 mm/min. From these values the amplitude factor A
can be estimated to 0.87.
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Fig. 7. Comparison between composition profiles of Al,

Co, Cr and Mo obtained from scan 1 (Fig. 5) and those
calculated using the SX-Model.
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W, Re and Ta obtained from scan 1 (Fig. 5) and those cal-
culated using the SX-Model.
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Fig. 9: Comparison between composition profiles of Al,

Co, Cr and Mo obtained from scan 2 (Fig. 5) and those
calculated using the SX-Model.
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Fig. 10: Comparison between composition profiles of Ti,
W, Re and Ta obtained from scan 2 (Fig. 5) and those cal-
culated using the SX-Model.

For simulation a thermodynamic database developed by Ther—
motech Ltd. and Rolls—Royce plc. has been used. This database
has been made available by ABB company, which holds exclu-
sive rights on this data. All elements which are present in
CMSX—4 were used in the simulation with exception of Hf .

The comparison between simulation and experimental results is
shown in Fig. 7-10. The large oscillations of the microprobe
curves are due to secondary 7y particles of about the same size
as that of the electron beam used for measurements. The calcu-
lated curves match fairly well to the experimental composition
profiles for Al, Co, Cr and Mo in Fig.7 and for Ti and Ta in
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Fig. 8 (Scan 1), while the values are too low for W and Re. The
same tendency is observed for the [011] direction (scan 2).

Shape—constrained phasefield model

For calculation of IN706 solidification the Ni-Data from
Thermo-Tech covering the elements Ni—-Al-Co-Cr—Fe-Mo-
Nb-Ti-Zr-B-C was used. To reduce computation time the sys—
tem was reduced to Ni-Cr—Fe-Nb-Ti—C. The diffusion coeffi—
cients of all elements were set to 1.0110™ m?s in the liquid and
to 1.0-10™" m%/s in all solid phases with the exception of carbon
in ¥ and MC carbides. For these phases the diffusivity was
chosen to be 1.0107"" m?/s.

Nucleation was allowed for MC carbides, Laves and n phase
using a critical undercooling of 5 K for carbides and 2 K for the
other phases. Under the applied conditions only carbides and
Laves phase occurred in simulation while a micrograph of the
interdendritic region shows also some 1) needles at the border of
the Laves phase (Fig. 11).

EHT = 500KV  Signal A= InLens Date 22 Jul 1998

WD = 10mm Signal B=InLens Mag= 858 KX

Fig. 11: Micrograph of the interdendritic region of a IN706
sample showing Laves phase and n needles.

Fig. 12 shows the calculated microstructure and composition
distribution for C, Cr, Fe, Nb and Ti for a simulation which
corresponds to the experimental conditions of the IN706 solidi—
fication experiments (dT/dt=—0.5 K/s, A,;=200 pym). Due to their
different chemical compositions carbides and Laves phase
which formed at the end of solidification in the remaining inter—
dendritic melt can easily be distinguished from the primary
dendrite. In this simulation MC—carbides show the tendency to
form diffuse patterns as they grow at the same velocity as the
primary dendrite. This could be a hint for eutectic growth con—
ditions.

In Fig. 13-16 the EDX composition profiles of the IN706 sam—
ple (Fig. 6) are compared to the calculation in Fig. 12. Although
there is a qualitative agreement remarkable differences can be



Fig. 12: Composition distribution of C, Cr, Fe, Nb, Ni and Ti in weight fractions calculated using from the SCPF-Model
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seen between measured and calculated profiles. This is primar—
ily caused by the position of precipitates, which heavily influ—
ence the composition due to their strong segregation. While the
experimental Scan 1 does not cross any precipitate (Fig. 6) car—
bides and Laves phase are formed in this line in simulation. On
the contrary Scan 2 shows two precipitation regions.

With EDX no carbides were found at all on the IN706 sample.
The assumption for simulation, that carbides form at the y-lig—
uid interface with a nucleation undercooling of 5 K is very arbi—
trary, but affects strongly the simulation results.
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Fig. 13: Comparison between composition profiles of Ni,
Fe and Cr obtained from scan 1 (Fig. 6) and those calcu-
lated using the SCPF-Model.
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Fig. 14: Comparison between composition profiles of Nb,
and Ti obtained from scan 1 (Fig. 6) and those calculated
using the SCPF-Model.
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Fig. 15: Comparison between composition profiles of Ni,
Fe and Cr obtained from scan 2 (Fig. 6) and those calcu-
lated using the SCPF-Model.
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Fig. 16: Comparison between composition profiles of Nb
and Ti obtained from scan 2 (Fig. 6) and those calculated
using the SCPF-Model.

In the experimental Scan 1 all elements except Cr show an
unsteady behavior at about 40 pm which could be due to the
formation of precipitates in the lower interdendritic region. Also
at the edge of the dendrite the composition gradients generally
seem to be overestimated. Such effects can be due to axial dif—
fusion in the interdendritic melt.and are not included in the
two—dimensional SCPF-model. Another explanation could be a
certain homogenization during the slow cooling process after
complete solidification, which has not been taken into account
in simulation.



Discussion

The agreement between the results of the SX—Model and the
WDX profiles obtained from the CMSX—4 sample is quite good
taking into account the oscillations in the WDX signal due to
secondary ¥’ particles. This is ensured by using thermodynamic
data which are based on a huge number of experiments and by
incorporating a reasonable shape function for the dendrite into
the model. The model is restricted to systems where multicom—
ponent Scheil conditions hold, and formation of interdendritic
precipitates is not included.

For systems like IN706, where precipitates of very different
composition compared to the primary dendrite can heavily
influence the microsegregation profiles and where interstitial
elements exhibit considerable back diffusion the more refined
Shape—Constrained Phasefield (SCPF-)Model is more ade—
quate.

Due to the complexity of the system no perfect match of simu—
lation and experiment should be expected. Too many factors
like diffusion coefficients and nucleation undercoolings are
unknown. Nevertheless a principially good agreement with the
experimental data can be seen in Fig. 13-16 keeping in mind
the strong effect of the precipitation position which are different
in simulation and experiment and the fact that no carbides were
found at all in the micrographs. They could have formed in the
deeper interdendritic melt and reduced the carbon content in the
measured cross section through axial diffusion. Other reasons
for the deviations are unknown parameters, which have a strong
influence on the results of the simulation. These are physical
variables like diffusion coefficients, which are only estimated
due to the lack of experimental data, the critical nucleation
undercooling of the different phases or the interfacial energies,
which determine the curvature undercooling. These parameters
in future could partially be obtained by fitting the calculation
results to the experiment.

Outlook

For validation of the SCPF-Model further experiments at dif—
ferent conditions and with different alloys will be done. Of spe~
cial importance with IN706 is the role of carbides which will be
studied with carbon—enriched samples. On this basis more rea—
sonable nucleation conditions in simulation should lead to a
better agreement between simulation and experiments.

Compared to the Phasefied Model'*" the use of the shape func—
tion concept ini the SCPF-Model allows a dramatic reduction of
the calculation effort. This is mainly due to the online coupling
of thermodynamic data to obtain the driving force for the grow—
ing dendrite, which is considerably reduced by use of shape
tunctions. But as the shape function approach is compatible to
the Phasefield algorithm, the latter could be used just for secon—
dary phases while the primary dendrite is further treated as
shape function. With this combination homogenization and sec—
ondary precipitation after complete solidification could be
included which would greatly enhance the capability of the
model for microstructure prediction and alloy design.

321

Acknowledgment

The authors wish to thank DFG (Deutsche Forschungsge—
sellschaft) for financial support and ABB for supplying the
database for CMSX—4 simulations.

References

1. H. D. Browdy and M. D. Flemings, "Solute Redistribution in
Dendritic Solidification", Trans. AIME, 236 (1966) 615-624.

2. D. 1. Allen, J. D. Hunt, "Diffusion in the Semi-Solid
Region During Dendritic Growth", Metall. Trans. A, 10A
(1979) 1389-1397.

3. A. Robsz, E. Halder and H. E. Exner, "Numerical Caicula—
tion of Microsegregation in Coarsened Dendritic Microstruc—
tures", Mater. Sci. Technol., 2 (1986) 1149~1155.

4. T. Kraft, M. Rettenmayr and H. E. Exner, "An Extended
Numerical Procedure for Predicting Microstructure and
Microsegregation of Multicomponent Alloys", Modelling

Simul. Mater. Sci. Eng. 4 (1996) 161-177.

5. T. Himemiya and T. Umeda, "Solute Redistribution Model
of Dendritic Solidification Considering Diffusion in Both the
Liquid and Solid Phases", ISIJ International, 38 (1998), No. 7,
730-738.

6. D. Ma and P. Sahm, "Microsegregation in Cellular Micro-
structure", Metall. Trans. A, 23A (1992) 3377-3381.

7. D. Ma, "Modellierung des Dendritenwachstums und der
Mikroseigerung bei gerichteter Erstarrung, Teil I: Entwicklung
eines analytischen Mikromodells", GieBereiforschung, 1 (1998)
29-34,

8. T. Kraft and H. E. Exner, "Numerische Simulation der
Erstarrung, Teil2: Mikroseigerung in terniiren und héherkom-—
ponentigen Legierungen”, Z. Metallkd. 87 (1996) 652~660.

9. A.J. W. Ogilvy and D. H. Kirkwood, "A Model for the
Numerical Computation of Microsegregation in Alloys", Appl.
Sci. Res. 44 (1987) 43-49.

10. A. Rodsz and H. E. Exner, "Ternary Restricted—Equilibrium
Phase Diagrams — I. A First Report: General Principles and
Definitions; II. Practical Application: Aluminium—Rich Corner
of the Al-Cu-Mg System", Acta metall. mater. 38 (1990)
2003-2008, 2009-2016.

11. N. Saunders and A. Miodownik: CALPHAD, Calculation of
Phase Diagrams, A Comprehensive Guide; Elsevier S. Ltd.
1998, ISBN 0-08-042-129-6.

12. B. Sundman, B. Jansson and J. O. Anderson, "The Thermo-
Calc Databank System”, CALPHAD, 9 (1985) 153-190.

13.N. Saunders, "Phase Diagram Calculations for Ni-Based
Superalloys”, Superalloys 1996, (Warrendale, PA: Met. Soc.
AIME,, 1996), 101-110.



14. D. A. Kessler, J. Koplik and H. Levine, "Steady-State Den~
dritic Crystal Growth", Phys. Rev. A, 31 (1986) 3352-3357.

15. J. D. Hunt, Solidification and Casting of Metalé, Vol. 192.
The Metal Society, London.

16. D. Goldschmidt, "'Einkristalline Gasturbinenschaufeln aus
Nickelbasis—Legierungen, Teil I", Mat.—wiss. u. Werkstofftech.,
25 (1994) 311-320.

17. U. Grafe et al., "Calculation of Microsegregation for the
Directionally Solidified Superalloy CMSX 4 Using a Pseudo 2-
Dimensional Model", Modelling of Casting, Welding and
Advanced Solidification Processes VIII, The Minerals, Met—
als & Materials Society, 1998, 227-234.

18. J. Tiaden et al., "The multiphase—field model with an inte—
grated concept for modelling solute diffusion”, Physica D, 115
(1997) 73-86.

19. L. Steinbach et al., "A Phase Field Concept for Multiphase
Systems", Physica D, 94 (1996) 135-147.

322



	Table of Contents
	-------------------------
	Next Page
	Previous Page
	-------------------------
	Next Hit
	Previous Hit
	Search Results
	New Search
	-------------------------
	Keynote Address
	Superalloys: The Utility Gas Turbine Perspective

	Ingot, Powder and Deformation Processing 
	Characterization of Freckles in a High Strength Wrought Nickel Superalloy
	Simulation of Intrinsic Inclusion Motion and Dissolution during the Vacuum Arc Remelting of Nickel Based Superalloys
	Predicting Grain Size Evolution of UDIMET(r) Alloy 718 during the "Cogging" Process through Use of Numerical Analysis
	Control of Grain Size Via Forging Strain Rate Limits for R'88DT
	Sub-Solvus Recrystallization Mechanisms in UDIMET(r) Alloy 720LI
	The Mechanical Property Response of Turbine Disks Produced Using Advanced PM Processing Techniques
	Segregation and Solid Evolution during the Solidification of Niobium-Containing Superalloys
	Microstructural Evolution of Nickel-Base Superalloy Forgings during Ingot-to-Billet Conversion: Process Modeling and Validation
	Removal of Ceramic Defects from a Superalloy Powder Using Triboelectric Processing
	Production Evaluation of 718ER(r) Alloy
	Quench Cracking Characterization of Superalloys Using Fracture Mechanics Approach
	Development and Characterization of a Damage Tolerant Microstructure for a Nickel Base Turbine Disc Alloy
	The Microstructure Prediction of Alloy 720LI for Turbine Disk Applications
	Characteristics and Properties of As-HIP P/M Alloy 720
	Enhanced Powder Metallurgy (P/M) Processing of UDIMET(r)Alloy 720 Turbine Disks - Modeling Studies
	Characterization and Thermomechanical Processing of Sprayformed Allvac(r) 720Alloy

	Solidification and Casting Processing
	Properties of RS5 and Other Superalloys Cast Using Thermally Controlled Solidification
	Advanced Superalloys and Tailored Microstructures for Integrally Cast Turbine Wheels
	Improved Quality and Economics of Investment Castings by Liquid Metal Cooling - The Selection of Cooling Media
	A Novel Casting Process for Single Crystal Gas Turbine Components
	Carbon Additions and Grain Defect Formation in High Refractory Nickel-Base Single Crystal Superalloys
	New Aspects of Freckle Formation during Single Crystal Solidification of CMSX-4
	Competitive Grain Growth and Texture Evolution during Directional Solidification of Superalloys
	Recrystallization in Single Crystals of Nickel Base Superalloys
	Structure of the Ni-Base Superalloy IN713C after Continuous Casting
	The Thermal Analysis of the Mushy Zone and Grain Structure Changes during Directional Solidification of Superalloys
	Freckle Formation in Superalloys
	Modelling of the Microsegregation in CMSX-4 Superalloy and its Homogenisation during Heat Treatment
	Enhancement of the High Temperature Tensile Creep Strength of Monocrystalline Nickel-Base Superalloys by Pre-rafting in Compression

	Blade Alloys
	Alloying Effects on Surface Stability and Creep Strength of Nickel Based Single Crystal Superalloys Containing 12 Mass% Cr
	Evaluation of PWA 1483 for Large Single Crystal IGT Blade Applications
	Effect of Ru Addition on Cast Nickel Base Superalloy with Low Content of Cr and High Content of W
	Prediction and Measurement of Microsegregation and Microstructural Evolution in Directionally Solidified Superalloys
	Development of a Third Generation DS Superalloy
	The Development and Long-Time Structural Stability of a Low Segregation Hf-free Superalloy - DZ125L
	The Growth of Small Cracks in the Single Crystal Superalloy CMSX-4 at 750 and 1000 C
	The Influence of Load Ratio, Temperature, Orientation and Hold Time on Fatigue Crack Growth of CMSX-4
	Modelling the Anisotropic and Biaxial Creep Behaviour of Ni-Base Single Crystal Superalloys CMSX-4 and SRR99 at 1223K
	CBED Measurement of Residual Internal Strains in the Neighbourhood of TCP Phases in Ni-Base Superalloys
	The Influence of Dislocation Substructure on Creep Rate During Accelerating Creep Stage of Single Crystal Nickel-based Superalloy CMSX-4
	Oxidation Improvements of Low Sulfur Processed Superalloys

	Disk Alloys
	Optimisation of the Mechanical Properties of a New PM Superalloy for Disk Applications
	g' Formation in a Nickel-Base Disk Superalloy
	Microstructure and Mechanical Property Development in Superalloy U720LI
	Sub-Solidus HIP Process for P/M Superalloy Conventional Billet Conversion
	Effect of Oxidation on High Temperature Fatigue Crack Initiation and Short Crack Growth in Inconel 718
	The Effects of Processing on Stability of Alloy 718
	Long Term Thermal Stability of Inconel Alloys 718, 706, 909 and Waspaloy at 593 C and 704 C
	Effects of Microstructure and Loading Parameters on Fatigue Crack Propagation Rates in AF2-1DA-6
	The Common Strengthening Effect of Phosphorus, Sulfur and Silicon in Lower Contents and the Problem of a Net Superalloy
	Simulation of Microstructure of Nickel-Base Alloy 706 in Production of Power Generation Turbine Disks

	Mechanical Behavior
	Influence of Long Term Exposure in Air on Microstructure, Surface Stability and Mechanical Properties of UDIMET 720LI
	Effects of Grain and Precipitate Size Variation on Creep-Fatigue Behaviour of UDIMET 720LI in Both Air and Vacuum
	Effects of Local Cellular Transformation on Fatigue Small Crack Growth in CMSX-4 and CMSX-2 at High Temperature
	Multiaxial Creep Deformation of Single Crystal Superalloys: Modelling and Validation
	Investigations of the Origin and Effect of Anomalous Rafting
	Stress Rupture Behavior of Waspaloy and IN738LC at 600 C in Low Oxygen Gaseous Environments Containing Sulfur
	Isothermal and Thermomechanical Fatigue of Superalloy C263
	Structure/Property Interactions in a Long Range Order Strengthened Superalloy
	Microstructural Changes in MA 760 during High Temperature Low Cycle Fatigue
	High Temperature Low-Cycle Fatigue Behavior of Haynes 230 Superalloy
	High Cycle Fatigue of ULTIMET Alloy
	The Effect of Strain Rate and Temperature on the LCF Behavior of the ODS Nickel-Base Superalloy PM 1000
	Effect of Thermomechanical Processing on Fatigue Crack Propagation in INCONEL Alloy 783
	The Ductility of Haynes(r) 242 Alloy as a Function of Temperature, Strain Rate and Environment

	Coatings, Welding and Repair
	Processing Effects on the Failure of EBPVD TBCs on MCrAlY and Platinum Aluminide Bond Coats
	Compositional Effects on Aluminide Oxidation Performance: Objectives for Improved Bond Coats
	Modelling and Neutron Diffraction Measurement of Stresses in Sprayed TBCs
	Interdiffusion Behavior in NiCoCrAlYRe-Coated IN-738 at 940 C and 1050 C
	Effect of Coating on the TMF Lives of Single Crystal and Columnar Grained CM186 Blade Alloy
	Process Modelling of Electron Beam Welding of Aeroengine Components
	Novel Techniques for Investigating the High Temperature Degradation of Protective Coatings on Nickel Base Superalloys
	Sintering of the Top Coat in Thermal Spray TBC Systems Under Service Conditions
	Overaluminising of NiCoCrAlY Coatings by Arc PVD on Ni-Base Superalloys
	The Influence of B, P and C on Heat Affected Zone Micro-Fissuring in INCONEL type Superalloy
	Improving Repair Quality of Turbine Nozzles Using SA650 Braze Alloy
	Improving Properties of Single Crystal to Polycrystalline Cast Alloy Welds through Heat Treatment

	Alloy Development
	Development of a New Single Crystal Superalloy for Industrial Gas Turbines
	High g' Solvus New Generation Nickel-Based Superalloys for Single Crystal Turbine Blade Applications
	Distribution of Platinum Group Metals in Ni-Base Single Crystal Superalloys
	Development of A Low Angle Grain Boundary Resistant Single Crystal Superalloy YH61
	Topologically Close Packed Phases in an Experimental Rhenium Containing Single Crystal Superalloy
	A Low-Cost Second Generation Single Crystal Superalloy DD6
	The Development of Improved Performance PM UDIMET(r) 720 Turbine Disks
	Microstructural Stability and Crack Growth Behaviour of a Polycrystalline Nickel-Base Superalloy
	The Application of CALPHAD Calculations to Ni-Based Superalloys
	Formation of a Pt2Mo Type Phase in Long-Term Aged INCONEL Alloy 686
	Development of New Nitrided Nickel-Base Alloys for High Temperature Applications
	MC-NG: A 4th Generation Single-Crystal Superalloy for Future Aeronautical Turbine Blades and Vanes


