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Abstract

Ni-base superalloys are well-known as freckle prone materials. Various researchers have
reported on several types of test methods for investigating the freckle formation conditions in Ni-
base superalloy ingots. Although varieties of test methods have been studied, there seem to be
few articles comparing the test methods. In order to reveal the characteristics of the test methods,
some of the test methods were compared. This study shows which test method could be more
suitable for the freckling condition in a large ingot. Also, the incompleteness of some of the
freckle formation theories is discussed. Using a selected test method, the candidate Ni-base
superalloys for an advanced ultra-supercritical (A-USC) steam turbine that would be operated in
700-760°C steam conditions were tested. The experiment revealed the freckling tendency of A-
USC candidate alloys.

Introduction

The world is facing climate change caused by emissions of carbon dioxide (CO;) and
other greenhouse gases from human activities. Reducing greenhouse gas emissions requires new
technologies. Coal is the primary fuel for the generation of electricity in the U.S., Japan, and
many other countries'™. Coal fired power plants are one of the main sources of CO, emissions.
In order to reduce CO; emissions from coal-fired power plants, the development of integrated
gasification combined cycle (IGCC) technology and advanced ultra-supercritical (A-USC) steam
cycle technology have been underway since the 1990’s. In the A-USC system, the operating
temperature would be 700-760°C. It is said that a material usable at such high temperatures could
be Ni-base superalloys. Some alloys are selected for the A-USC system for their mechanical
properties at high temperatures. However Ni-base superalloys are known to be freckle prone.
The size of steam turbine components would be much larger than gas turbine components. The
freckling tendencies of the materials must be discussed in order to manufacture large
components. Several methods for segregation evaluation were reported such as vertical
directional solidification experiments and horizontal directional experiments.

Vertical directional solidification (V-DS) experiments are widely used for Ni-base
superalloy segregation tests. This experimental method originally comes from the
macrosegregation evaluation method® for surface freckles on directional solidified turbine blades.
Density inversion theory derived from V-DS experiments using NH4Cl aqueous solution” is
known as one mechanism of freckle formation. V-DS experiments are relatively easy to perform
because of their simple apparatus construction. If the freckle formation condition in large ingots
can be estimated using V-DS experiments, the V-DS experiments would be expected to be a
useful segregation test method for industries. In order to verify V-DS experiments as an
evaluation method for channel segregation in large ingots, V-DS experiments were carried out
using several Ni-base superalloys as candidate materials for an A-USC turbine.
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Anther method, a horizontal directional solidification (H-DS) experiment, was also
carried out to compare the test results. The H-DS experiment is a proven method and has been
used in steel industries *¥.

Experimental methods
Vertical and horizontal directional solidification experiments were performed in order to
compare the validity of both methods.

1) Vertical directional solidification (V-DS) experiment

A 50mm ID, 63mmOD, 160mm”* alumina crucible was used for the V-DS experiments. The
test alloy was melted in a high purity Ar gas atmosphere. Both withdrawing downward (upward
growth) and pushing upward (downward growth) experiments were performed to investigate the
effect of the growth direction on the macro structure of the ingot. FENIX7009), USC14110), and
LTES700 'V developed for 700°C applications by Japanese companies were selected for this
experiment. In addition,
Alloy706 was chosen because
it shows downward type
segregation  compared  to
upward type FENIX700 though
the chemical composition of
the alloy 1is similar to
FENIX700. The nominal chemical
compositions of the test alloys are shown in

Table 1 Nominal chemical composition of test alloys
Ni Cr Mo Al Ti Nb Fe
FENIX700 42.0 16.0 - 1.25 1.70 2.00 Bal.
USCl141 Bal. 20.0 10.0 1.16 1.63 - -
LTES700 Bal. 12.0 18.2 0.92 1.14
Alloy 706 415  16.0 - 0.20  1.80

2.90 Bal.

Heater

Table 1.

The V-DS apparatus used for this
experiment is shown in Figure 1. The master
ingots of those alloys were melted using a 20kg
vacuum induction furnace. The ingots were cut
to optimum size for insertion into the alumina
crucible. The melt weights of test alloys were
approximately 1.5kg except Alloy706. Because
the test material of Alloy706 was taken from
our stock material, the weights of the Alloy 706
ingots were about 1.0kg.

This V-DS apparatus is different from
an ordinary apparatus. In an ordinary apparatus,
induction heating is used and a water-cooled
ring is placed under the heating device to obtain
a steep temperature gradient at solidification.
On the contrary, this apparatus uses resistance
heat and the temperature gradient is mild as
shown in Figure 2 in order to simulate the
cooling conditions in a large ingot. Therefore,
the mushy zone in the ingot is wide and the
condition would be suitable for segregation
formation. This apparatus has another unique
feature. The crucible is can be moved upward
and downward, i.e., the specimen can be
solidified directionally in two ways, from
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bottom to top and from top to bottom. 1650 [
In this study, the speed of withdrawal
downward and pushing upward was
0.5mm/min. The vertically solidified
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2) Horizontal solidification (H-DS) Distance from the fumace top, //mm
experiments'”

H-DS experiments were also
curried out for various A-USC candidate alloys. The horizontal solidification furnace used
for this study is schematically illustrated in Figure 3. In this resistance heat furnace, a
rectangular Al203 crucible with an air-cooled chiller was placed. The inner size of the
crucible was about 55Wx170Lx230Hmm. Six thermocouples were inserted in the crucible to
measure the thermal history of the metal during solidification. The test alloy was melted by
an induction melting furnace and poured into the crucible. The pouring temperature was
approximately 50-100°C higher than the Cooling air  Thermocouple o
liquidus point of the alloy. Just after Solidified Chiller side
pouring, cooling air was blown into the l
chiller. The molten  alloy was
horizontally solidified starting from the
chiller side. The flow rate of cooling air
was optimized in order to acquire freckle
plumes in the middle of the ingot. The
temperature profile of the liquid alloy
was measured until the alloy solidified
completely. The horizontally solidified
ingot was horizontally cut in cross-
sections on the plane of the tips of the
thermocouples in order to observe the
macrostructure.

Figure 2 Temperature distribution in the apparatus

direction

Crucible

Height :200mm
Width : 55mm
Length: 70mm

Furnace

Figure 3 Schematic of the horizontal
solidification furnace

Result

1) Vertical solidification (V-DS) experiment

Sample macro structures of FENIX700 ingots are shown in Figure 4. The upwardly
solidified ingots have large columnar grains. On the other hand, the grains in downwardly
solidified ingots are relatively small and the dendrite growth directions seem unstable. Streak-
like structures are found in the upwardly solidified USC141 and LTES700 ingots as shown in
Figures 5 and 6. These structures are considered to be primary dendrite arms that have a plate-
like shape. No freckles were found in the interior of the V-DS ingots.

Freckles are observed on the outside surfaces of the V-DS ingots. In particular, USC141
ingots have many freckle streaks that clearly contrast against the matrix. EPMA image analyses
on the cross section of the ingots were performed to confirm that the freckle streaks are
segregations. As an example of these freckle streaks, the EPMA images of USC141 are shown
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Figure 4 Macrostructure of FENIX700 V-DS ingots
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Figure 5 Macrostructure of USC141 V-DS ingots
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Figure 6 Macrostructure of LTES700 V-DS ingots
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in Figure 7. The freckle
portion  shows  solute

TiCona hltlau;
concentration. These i bl
freckles are segregations. I s ;3:
One thing must be noticed E ™
about some character-like I L1se 30y
patterns on the outside N Looo e
surface of the LTES700 : ; ¢!
upwardly solidified ingot. ' Downwardly sohdlfled USC141 ingot
This pattern is not freckles ¥
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pigment TiO, that were 2351 G ﬁn e 212 e 1312
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on the crucible. Chemical I s.08 302 I £33 5
profiles in the ingots are ave .75 190 age 1lagy 175

shown in Figures 8-11. In

the figures, the chemical Upwardly SOlldlfled USC141 ingot
profiles of the ingots are Figure 7 EPMA images of perpendicular cross-sections of
shown as segregation ratios, USC141 V-DS ingots

the ratio between the

chemical composition of master ingots and the analysis results on each section in the ingots.
Some deviations from the average composition are found in Figures 8-11. Those deviations
could be due to segregation in the master ingots. Upwardly solidified ingots show that chemical
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Figure 8 Chemical profiles of FENIX700 V-DS ingots (Left: downward, Right: Upward)
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Figure 9 Chemical profiles of USC141 V-DS ingots (Left: downward, Right: Upward)
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Figure 10 Chemical profiles of LETS700 V-DS ingots (Left: downward, Right: Upward)
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Figure 11 Chemical profiles of Alloy706 V-DS ingots (Left: downward, Right: Upward)

profiles are relatively even. On the contrary, downwardly solidified ingots show that the Nb, Ti,
and Mo contents are changed in

the longitudinal  direction. Table 2 Calculated partition coefficients of test alloys
Table 2 shows the partition FENIX700 01;;2 1 (526 e 0?197 0 ?26 01\1120 1 1(:)32
coefficients of test alloys ‘ . - . . ) .

y USCI141  1.043 0970 0816 1.062 0.613 - -

calculated = using — Thermo- 1 1gs700 1052 0952 0850 1103 0857 - .
Calc with Ni-DATA™. Alloy706 0984 1050 - 0316 -  0.157 1.094
The partitions of Nb, Ti, and
Mo are larger than other elements. Therefore, the segregation of Nb, Ti, and Mo is more severe
than the others.

2) Horizontal solidification (H-DS) experiment

The results of the H-DS experiments are shown in Figure 11. Note that in this experiment,
the solidification fronts were not strictly perpendicular to the horizontal line. The fronts form an
angle with the horizontal line. Therefore, the columnar grains grew in a slightly upwardly
inclined direction. Some of the data have been reported previously'™'®. FENIX700 and USC141
showed upward type channel segregation. On the contrary, Alloy706 and LTES700 showed
downward type channel segregation. Upward type segregation is the type of macro segregation
shown by solute-enriched liquids that are lighter than bulk liquid where segregation channels
grow in an upward direction. Downward type segregation is the opposite type and is shown by
heavier solute enriched liquid. Both segregations are schematically shown in Figure 12.
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Figure 11 Macro structures of horizontally directional solidified test alloys
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It seems that all the test alloys are o
downward type segregation alloys from the z
V-DS results because solute concentration i
in the case of downward solidification is = % 2 g'.’ %
more severe than in the case of upward | il @ s B
solidification. However, the H-DS results e
revealed that FENIX700 and USC141 are WL H
upward type segregation alloys. Therefore it Segregated _ Bulk Segregated _ Bulk

is considered that this phenomenon is from liquid liquid liquid liquid
a different mechanism. Upwardtype DORINENE| 720
In the case of downward Figure 12 Schematics of channel segregations
solidification, because the metal is cooled
from the top, the liquid density in the top portion becomes high and a strong downward flow
develops. The liquid moving down to the bottom is heated up again and the heated low density
liquid rises. The solute enriched liquid ahead of solidification front would be diluted with bulk
liquid stirred by strong thermal convection. This kind of phenomenon was observed by
Mathiesen and Arnberg'” who performed in-situ observation using an Al-Cu alloy and X-ray
radiography. In downward solidification, they found that a solute enriched liquid in front of the
solidification front was eliminated by convection and the tip of columnar dendrites stuck in the
bulk liquid. On the other hand, in the case of upward solidification, because the metal is cooled
from the bottom, the density becomes high at the bottom and thermal convection in the liquid is
relatively calm. Liquid flow at the solidification front could be small. Therefore, the liquid-solid
partition occurs against the solute enriched liquid accumulated at the solidification front. The
thermal convection described above is schematically shown in Figure 13. These chemical profile
formations could be explained by Figure 14. If strong currents occur at the solidification front,
the chemical profile in a directionally solidified ingot becomes like “d” in Figure 14. If the liquid
movement ahead of the solidification front is calm, the chemical profile in a directionally
solidified ingot becomes like “b” in Figure 14.
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As a freckle test method,
the vertical solidification
experiment has been carried
out for many years. Freckle tLe‘::’p_
formation in a vertically
solidified ingot is normally
explained by the density
inversion theory. The density
inversion theory is
schematically  shown in High Low
Figure 15. In the figure, pris L™
the thermal effect on the
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temp. l tube
liquid  density, pc s i
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density, and pricis the liquid  Figure 13. Schematic of convection flow in the V-DS experiment
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density profile. In the figure, the heat flow
is vertically downward, i.e., from the hot
top portion to the cold lower portion. In
the case where the rejected solute is
lighter than the bulk liquid, the liquid — d: Complete mixing in the liquid[ke=k,]
density among the dendrites become
lighter than the liquid density ahead of the
solidification front. If the density f /
difference effect is larger than the thermal

expansion effect on the liquid density, the

liquid density profile becomes like pricin  Fjgure 14 Chemical distributions in an ingot
Figure 15. This density inversion in the  after directional solidification™

mushy zone causes interdendritic liquid

flow. The flow makes channels and freckle plumes in the mushy zone. From this density
inversion theory, it is impossible to explain freckle formation in downward solidification, such as
USC141. The liquid density profile in downward solidification is schematically shown in Figure
16. Unlike upward solidification, the rejected solute is lighter than the bulk liquid, and therefore
the rejected solute must stay deep in the seated area of the dendrites and the driving force of

== a: Complete diffusion in the solid and the liquid
== b: Mixing by diffusion only
: Partial mixing in the liquid[k=(1+k,)/2]

Pc

Liquid
Mushy zone

(0]
S e
=

R Pr Pric Pc.

Liquid density, p " Liquid density, p
Figure 15 Schematic of the liquid density Figure 16. Schematic of the liquid density
profile of upward type segregation alloy in profile of upward type segregation alloy in
upward solidification. downward solidification.
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liquid flow in the dendrites would be quite small. By the same token, the density inversion theory
cannot explain downward type freckles in upward solidification. Heavy solute enriched liquid
should stay in the dendrites, accordingly little liquid flow should occur in the mushy zone. Streat
and Weinberg observed macro segregation in directionally solidified Pb-Sn systems'”. Sn-
4mass%Pb alloy was an example where the interdendritic liquid would be denser than the bulk
liquid. They did not find any freckles in the Sn-4mass%Pb alloy V-DS ingot.

Copley et al.”’ showed the effect of growth front curvature on freckle location from their
directional solidification experiment using an NH4CI-H,O system. If the curvature was concave,
freckle plumes appeared at the wall of the mold. Noeppel er al®” analyzed the effect of
electromagnetic forced convection on the segregation during directional solidification. In each
case, the freckle channel location coincides with the stagnation point where the flow leaves the
columnar front and creates a liquid aspiration effect in the mushy zone. It could be assumed that
the growth front curvatures of our ingots are concave to the liquid because freckles appeared on
the ingot surface. Generally speaking, freckles are normally located on the exterior surface of a
directionally solidified casting® *". In many V-DS experiments, the crucible is withdrawn from
the hot zone of the furnace. In this method, the crucible is cooled from outside of the sidewall.
Accordingly, the growth front shape would become concave. This shape may cause surface
freckles. Freckles appearing on an ingot surface are considered to be different from freckle
plumes appearing in the interior of a large ingot.

In the case of the H-DS experiment, stagnation points in the mushy zone would be near the
liquid-metal surface and the bottom of the crucible (crucible-metal interface). As shown in
Figure 11, the freckle plumes in the H-DS ingots did not originate from the stagnation points but
from the middle region of the ingot height. It could be assumed that the freckle formation point
does not depend on bulk convection but on local turbulent flow ahead of the growth front. The
freckles in the H-DS ingots seem to resemble freckles in large ingots.

Suzuki and Miyamoto'® reported that the critical freckle formation condition could be
estimated from the cooling rate € (°C /s) and solidification rate R (mm/s), and freckles form at
the condition of

e'R"=a. (1)

The term o here is the alloy
inherent value. In other words,
omeans the freckling critical
condition of the alloy (0(=8°R1'1cm).
Using the temperature profiles and the
thermocouple locations in the H-DS
ingots, the cooling rate € (°C /s) and
solidification rate R (mm/s) can be
determined. Figure 17 shows g-R!! crit
values of Ni-base superalloys derived
from these horizontal solidification
experiments. In this figure, smaller
values of -R"! it means less freckle
prone.

The density of the liquid alloy can be calculated from the equation shown below because the

summation of molar volumes of the elements in the liquid metal could give a good estimate® .

p:} XiMi/E XV, (2)

Figure 17 Freckling tendencies of Ni-base superalloys
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where X; is the molar fraction of element i, M;is the molar weight of element i, and V; is the
molar volume of element i. Figure 18 shows the relationship between the calculated liquid
densities using the latest data of
liquid metal densities™ .

Thermo—CalcTM with Ni-data o Freckle prone
was used for this calculation. ; -
Although ~ negative  values — — e Nimorie106 L 2
cannot be obtained from the €- —fg %‘
R'"!' equation, in Figure 18, & °% g
downward type freckles are E . FENDG 00| 2]
plotted as negative values in £ 000 [ A . W ——— 1 Lessfreckle
order to distinguish them from S : o
upward type freckles. This — ~ 5o | Al 106}~ (AN N <
diagram implies that channel  _% 1 5 g
segregation could be estimated ¢ 3
from a liquid density difference M A 77777 """""""""""""""""""""""""" =
calculation. : Freckle prone
In the V_DS o OO—O 10 -0.04 000 005 a10

experiments, USCI141 seems to Liquid density difference (g/cm’)

be the most freckle prone alloy
and the alloy showed a lot of
dark streaks on the surface of
the ingot. However, from the H-DS results, USC141 was found to be one of the least freckle
prone alloys.

Alloy706 is similar in composition to the upward type segregation alloy FENIX700 but it
shows downward type segregation. The comparison between the chemical profiles in V-DS
ingots of both alloys is shown in Figure 19. The height of Alloy 706 is about 70mm and is
shorter than that of FENIX700 as described previously. Upward type segregation and downward
type segregation could be clearly distinguished using the H-DS experiment. Even though the
growth direction is changed to emphasize the liquid density difference effect, V-DS experiments
could not show the effect of density difference. From the points described above, the V-DS
experiment could not explain the freckling tendency of the alloy in large ingots.

Figure 18 Relation between liquid density differences and
freckling conditions
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Figure 19 Comparison of chemical profiles between FENIX700 and Alloy706

It seems that freckles are not classified clearly on the basis of the phenomenon. Though
the mechanism of freckle formation is not fully revealed, it may be possible to compare the
freckling tendency in large ingots. The H-DS experiment would be suitable for examining the
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freckling tendency. The H-DS experiment revealed which alloy should be selected for large
products just from the freckle formation point of view.

Summary
Vertical solidification (V-DS) and horizontal solidification (H-DS) experiments were

carried out to evaluate segregation test methods for freckles formed in large ingots.

1)
2)

3)

4)
5)

6)

10.

1.

Freckles were found on the surface of both upward and downward grown V-DS ingots.

All V-DS ingots showed more solute concentration in the case of downward growth
directional solidification.

The chemical distribution in a V-DS ingot could be explained by a thermal convection
induced rinse-off effect ahead of the solidification front.

Density inversion theory cannot explain surface freckles on V-DS Ni-base superalloy ingots.
The V-DS experiment was shown to be unsuitable for investigation of the tendency of
channel segregation in large ingots.

The H-DS experiment would be a suitable method for assessing freckling tendency for
channel segregation.
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