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This paper will describe the efforts of
the Advanced Turbine Airfoil Manufactur-
ing Technology Program sponsored by
the U.S. Department of Energy through
the Oak Ridge National Laboratory and
Howmet Research Corporation. The
purpose of the program is to develop
single-crystal and directionally solidified
casting technologies to benefit Advanced
Turbine Systems (ATS) industrial and
utility gas turbine engines. The focus is
on defining and implementing advanced
Vacuum Induction Melting (VIM) furnace
enhancements that provide precise
control of mold temperatures during
solidification. Emphasis was placed
on increasing the total magnitude of
thermal gradients while minimizing the
difference in maximum and minimum
gradients produced during the solidifica-
tion process. Advanced VIM casting
techniqueswere appliedto Solar Turbines
Incorporated’s Titan 130 First Stage
High Pressure Turbine Blade under
the ATS program. A comparison of the
advanced VIM casting process to the
conventional Bridgeman casting process
will be presented as it pertains to
the thermal gradients achieved during
solidification, microstructure, elemental
partitioning characterization, and solu-
tion heat treat response.

INTRODUCTION

For the past 30 years, the casting of
single-crystal aerospace turbine blades
has been optimized to the point that
yields greater than 95% are commonly
achieved. Although this work has
provided an in-depth understanding of
the relationships of alloy, geometry, and
process conditions, the application of
this knowledge to industrial and utility
gas turbine blades has proven to be
challenging at best. The physical size
of these components has pushed this

technology to the point that additional
advances in investment casting are in
order. The need for higher thermal
gradients and solidification rates by the
superalloy community has led to some
shifts in the processing paradigm. The
development of casting technologies such
as liquid metal cooling and gas-assisted
cooling has resulted in improvements in
this area. These technologies, however,
require significant development prior to
incorporating them into production.

To further this effort, the U.S.
Department of Energy, through the Oak
Ridge National Laboratory and Howmet
Research Corporation, established the
Advanced Turbine Airfoil Manufactur-
ing Technology Program. The purpose
of the program was to develop single-
crystal and directionally solidified cast-
ing technologies to benefit advanced-
turbine systems (ATS) industrial and
utility gas-turbine casting components.
The focus of the program was to define
and implement advanced vacuum-
induction melting (VIM) furnace and
control enhancements that would
provide precise control of mold tem-
peratures during solidification. Con-
sequently, the enhancements would
improve thermal gradients and solidifica-
tion rates of these larger components.

Finer dendritic arm spacing, reduced
elemental segregation, and reduced grain
defects are typical expectations of a
higher thermal gradient/solidification rate
casting process. These microstructural
refinements can also assist in the reduc-
tion of solution heat treatment cycles
as improved homogenization behavior
can be realized. Additional benefits are
expected from this program as these
enhancement features can be readily
implemented into existing Bridgeman-
style casting furnaces, thus significantly
reducing the time to implementation.

TECHNICAL APPROACH

Two casting processes were conducted
during the evaluation—the conventional
Bridgeman process and a high-gradient
Bridgeman process. The conventional
Bridgeman process is utilized in today’s
production of investment casting of
single-crystal turbine blades. The high-
gradient process is the product of furnace
and control enhancements applied to a
Bridgeman furnace.

The Solar Titan 130 High Pressure
First Stage Turbine blade, as shown in
Figure 1, was selected as the casting
configuration for this study. The Titan
130 first-stage blade is a single-crystal
casting with complex internal cooling
passages. As a production blade, cast-
ing defects such as high-angle grain
boundaries, recrystallized grains, and
freckles, are occasionally encountered.

2cm

Figure 1. The Solar Turbines Titan™ 130
first high pressure turbine blade utilized
in this casting evaluation.
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1 Figure 2. The elemental
data ranked in descend-
ing order and plotted as
1 a function of normalized
order. The Scheil-Gulliver
| equation is fitted to the
ordered data.
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Ceramic molds comprising turbine
blades and mechanical test specimens
were cast at Howmet Research Corpora-
tion in Whitehall, Michigan. Each mold
was instrumented with thermocouples
in order to evaluate the temperatures and
resulting thermal gradients achieved.
All castings were solution heat treated at
Howmet’s production facility.

Microstructural evaluations were
conducted on the airfoil and root areas
of the turbine blade. This was done
to represent the thinnest and thickest
cross-sections of the part configuration.
Both casting processes were evaluated
in the as-cast and solution-heat-treated
condition. Primary and secondary
dendritic arm spacing measurements,
maximum segregation, elemental parti-
tioning analysis, and crystal orientation
were also examined.

The maximum segregation was
calculated using the delta between
the maximum and minimum elemental
weight percent measured from the
microprobe data that was utilized for
the partitioning analysis.

Partitioning Analysis

Elemental partitioning analysis was
utilized to study the resulting segregation
produced by the casting process and
its impact on homogenization after
solution heat treatment. A statistically
significant point count methodology was
employed to obtain elemental partition
information.'™ Electron-microprobe
data was collected in a 121-point
square grid measuring 1,000 um wide.
Dendritic and interdendritic areas were
included in the measurements while

0.0 0.0

carbides and casting porosity were
avoided in the analysis.

The elemental data collected was
then ranked in descending or ascend-
ing order based upon where the ele-
ment partitioned to (i.e., dendritic
orinterdendritic regions). Elements such
asNi, Al, Ta, Ti, and Hf ranked in ascend-
ing order partition to the interdendritic
regions. Elements partitioning to the
dendritic areas, such as Cr, Re, Co, W,
and Mo, were ranked in descending
order. A visual representation of this
data is made by plotting this ranked
elemental data in weight percent as a
function of ranking order normalized to
1 (denoted as N or f ) and is illustrated
in Figure 2.

The elemental partition coefficient,
k, was derived from the ranked data
by the Scheil-Gulliver Equation 1 and
was equated to the slope of the curve as
illustrated in Figure 2.
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Figure 3. The average, maximum, and
minimum thermal gradients achieved
for the conventional and high-gradient
processes compared in this study.

C,=C,(1-(1-20k)f )izar (D

Here C, is the concentration in the
liquid, Co is the nominal composition,
o is the Fourier number, and f, is
the fraction solid (equivalent to the
normalized ranked order).

Partitioning values equivalent to
1 indicate that an element is homo-
geneously distributed between the
interdendritic and dendritic regions. k
values less than 1 indicate elements
partitioning to the liquid during solidifi-
cation. Elements with k values less than
1 typically have higher concentrations in
the interdendritic eutectic regions in the
completely solidified microstructure.
Conversely, k values greater than 1 result
in elements partitioning to the solid and
with higher elemental concentration in
the dendritic regions. Consequently, the
success criteria of this analysis is to
achieve partitioning values closest to
the value of 1. This will indicate less
segregation, should have the smallest
difference between the maximum
and minimum elemental composition
measured, and is visually illustrated on
a ranked plot by a flat curve. Through
solution heat treatment, additional
partitional analysis will result in k
values closer to 1 when compared to
the as-cast k values.

RESULTS AND DISCUSSION

Thermal Gradients and Mushy
Zone Size

Using the high-gradient casting
process, thermal gradient improvements
of 60% were obtained in the airfoil
and 90% in the root section. Shown
in Figure 3, the plot for the average,
maximum, and minimum gradients for
both processes illustrates that a higher
gradient is achieved with the improved
casting process. Inherent to the high-
gradient process, alarger spread between
the maximum and minimum gradient
in the root was produced. However,
the high-gradient process decreased the
mushy zone size along the solidification
direction by 29% for the airfoil and
41% for the root.

Microstructural Improvements

The improvements in primary and
secondary dendritic arm spacing mea-
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Figure 4. Optical micrographs of the as-cast microstructures
produced using the conventional casting in (a) the airfoil
section and (b) the root section and using high-gradient casting
in (c) the airfoil section and (d) the root section.

d

Figure 5. Optical micrographs of the solutioned microstructures
produced using the conventional casting in (a) the airfoil
section and (b) the root section and using high-gradient casting
in (c) the airfoil section and (d) the root section.

surements are presented in Table I.
For primary dendritic arm spacing
measurements, a 13% improvement
was achieved in the airfoil section while
a 26% improvement was achieved in
the root section. Secondary dendritic
arm spacing measurements obtained
a 9% improvement regardless of cross-
sectional thickness. Optical micrographs
showing the resulting as-cast micro-
structures are presented in Figure 4.

The interdendritic eutectic levels
varied with the casting process and
are presented in Table II. Lower levels
were observed in the root section of
the high-gradient process. They were
equivalent and higher for both processes
in the airfoil sections.

Solution heat treatment produced
solutioning levels greater than 99% for
both casting processes. Conventional
and high-gradient microstructures

Table I. Improvements over the Standard
Bridgeman Process for the Titan 1st

Blade
Airfoil Root
Primary dendritic 13% 26%
arm spacing
Secondary dendritic 9% 9%

arm spacing

Table Il. As-Cast Interdendritic Eutectic
Measured for the Bridgeman Processes

Conventional High-Gradient
Root 24.9% 20.2%
Airfoil 27.3% 27.0%

are presented in Figure 5. Typical
casting porosity was observed and was
comparable for both casting processes.

Maximum Segregation and
Partitioning Results

All maximum segregation and calcu-
lated partitioning values are summarized
in Tables III and IV. Graphs of the
maximum segregation for the airfoil and
root are presented in Figure 6. As-cast
and solutioned conditions are presented
in this figure. The as-cast elemental
segregation was measured to be within
1 wt.% for both casting processes in
the airfoil and root sections. However,
the partitioning of elements during
solidification was not comparable nor
consistently higher or lower within a
single casting process, as can be seen
in Figure 7.

Elements such as Ni, Co, and Al had
comparable partitioning from airfoil
to root and for both casting processes.
For the remainder of the elements,
partitioning was influenced more by
the cross-sectional differences and
gradient processes. Within a given
cross-sectional thickness, k values for
Cr, Mo, Re, and W were higher for the
high-gradient process. Partitioning was
also shown to increase with a thicker
cross-section.

The higher segregation observed in
the as-cast condition is attributed to the
finer dendritic microstructure produc-
ing higher concentration gradients.’
This resulted in improved solutioning
behavior being consistently observed
from the blades produced by the high-
gradient casting process. The solution-
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presented in Figure 9 for the mechanical

Table lll. Maximum Segregation Measured in the Conventional and High-Gradient
Process for As-Cast and Solution Heat Treated Turbine Blades

test bars and turbine blades. The crystal
orientation of the mechanical test bars

were noted to be considerably better for

Ni Co Ti Al Ta Cr Mo Re W the high-gradient process. The impact of
Airfoil thermal gradients and part configuration
Conventional process 1418 509 155 323 893 776 071 519 757 on crystal orientation can be clearly
As-cast condition : : :
High-gradient process 1135 429 176 329 867 698 076 572 8.11 Se?n ln.Flgure 9 when Compaljmg the
As-cast condition orientation maps of the mechanical test
Conventional process 409 120 015 108 146 156 025 164 1.72 bars to the turbine blades. As the test
Solutioned heat treated : . :
High-gradient process 283 048 0.12 062 104 093 025 141 1.53 bars are f:yllndrlcal in shape and do
Solutioned heat treated not contain the complex features of a
Root turbine blade, the test bars contain a
Conventlona]. process 8.39 3.54 1.67 2.68 7.85 8.02 080 443 7.35 closer <001>crystal orientation than the
As-cast condition 5 K . .
High-gradient process ~ 12.10  3.81 1.63 271 801 849 085 460 7.62 blades with the high-gradient casting
As-cast condition process.
Convsantmna] process 460 184 023 146  2.03 1.86  0.31 2.50 243 Casting conﬁgurations have been
Solutioned heat treated . .
High-gradient process 283 093 012 062 072 048 025 141 153 known to influence thermal gradients

Solutioned heat treated

by impacting the shape and location of

the solidification front as it progresses
through varying cross-sectional thick-
ness within a part.>'* This, in turn,

Table IV. Partitioning Ratios for the Conventional and High-Gradient Bridgeman Casting
Processes in the As-Cast and Solutioned Conditions

will influence the resulting crystal
orientation. Curved solidification fronts

Ni Co
As-Cast
Conventional airfoil 0.96 1.11
High-gradient airfoil 0.96 1.13
Conventional root 0.96 1.11
High-gradient root 0.95 1.11
Solutioned Heat Treated
Conventional airfoil 0.98 1.03
High-gradient airfoil 0.99 1.02
Conventional root 0.98 1.05
High-gradient root 0.98 1.02

typically contain higher horizontal
thermal gradient components (i.e.,
perpendicular to the solidification

Ti Al Ta Cr Mo Re w

073 087 078 119 131 157 134 direction) and lower vertical thermal
069 086 072 127 136 181 145 gradient components (i.e., parallel to
065 087 072 121 13 1.7 147 the solidification directi Deviati

069 087 073 125 144 19 153 e solidification direction). Deviations
from the vertical thermal gradient
component will cause the developing
dendritic tip to splay away from the

desired growth orientation.

097 09 096 105 1.12 128 1.07
098 097 097 102 109 115 1.07
094 094 092 109 115 126 1.11
097 097 097 102 1.1 .15 1.07

ing behavior was notably improved
using the high-gradient process as
the maximum segregation in the root
section decreased by more than 1 wt.%,
as shown in Figure 6.

This was substantiated by the k values
presented in Figure 8, as all k values for
the high-gradient process were closer to
1. The expectations of a high-gradient
process are that decreased segregation
and improved partitioning behavior are
typically produced. For the gradient
conditions obtained in this study, the
typical results were not observed. Since a
lower thermal gradient and a larger mushy
zone were produced by the conventional
process, back diffusion of the elements
may have contributed to the lower
segregation and partitioning obtained.

The finer microstructure obtained
via a smaller primary dendritic arm
spacing for the high-gradient process
contributed to the improved solutioning

Casting features, such as platforms,
are more susceptible to grain defects

behavior. This finer microstructure
provided smaller diffusion distances
for elemental solutioning. This is
particularly important for heavy and
slow diffusing elements such as Re,
W, and Ta.

Crystal Orientation and Grain
Defects

Stereographic orientation triangles
showing the resulting Laue results are
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10 m High gradient sol'n

Delta of Max. and Min. Wt.%
[e¢]

Ni Co Ti Al
Elements

Ta Cr Mo Re W

if these horizontal components are
significant enough to nucleate a new
grain. This indicates that the casting
configuration and geometrical arrange-
ment on the mold must be carefully
considered in addition to the high-
gradient process itself. This was sub-
stantiated through examination of the
grain defects produced in this study and
is reported in Table V.

Fifty percent of all defects formed in

16
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@ High gradient As-cast
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10 F ®m High gradient sol'n
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Figure 6. The maximum segregation for the (a) airfoil and (b) root in the as-cast and

solutioned condition for both casting processes.
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Figure 7. The calculated partitioning
ratios for conventional and high-gradient
castings in the as-cast condition. A
partitioning ratio approaching 1 indicates
equivalent partitioning between the
interdendritic and dendritic regions.
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Figure 8. The calculated partitioning
ratios for conventional and high-gradient
castings in the solution heat-treated
condition. A partitioning ratio approach-
ing 1 indicates equivalent partitioning
between the interdendritic and dendritic
regions.

Figure 9. Stereographic orienta-
tion maps showing Laue results
for (a) mechanical test bars and
(b) turbine blades cast using
the conventional (baseline) and
high-gradient process.
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Table V. Number of Grain Defects Observed on the Titan 130 1st Blade Cast Using
Conventional and High-Gradient Processes

High-
Conventional Gradient Location
Freckle chains 4 1 Root
High angle boundaries 3 2 Leading-edge platform, trailing edge, root
Recrystallized grains 1 4 Concave platform edge, leading edge
Zebra grains 0 1 Leading-edge platforms

the conventional process were due to
freckle formation in the root area. High
angle boundaries were also numerous
and comprised 37% of the remainder of

the defects. The high-gradient process
reduced the number of freckles but the
occurrence of high angle boundaries
and recrystallized grains increased. The

platform and root areas were primary
locations for these defects. Recrystal-
lized and zebra grains constituted 63%
of all defects observed in the high-
gradient process. As these grain defects
occurred in the platform area (i.e.,
where a thin cross-sectional area meets
up with a thick cross-sectional area
[root]), thermal stresses between the
shell and casting can impart residual
stresses as a consequence to the steeper
thermal gradient. These high residual
stress areas would become a source
for recrystallization during solution
heat treatment. Close attention to such
geometrical aspects are imperative if the
high-gradient process is to be successful
in a production environment.
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