Effect of Platform Dimension on the Dendrite Growth and Stray
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A model of typical turbine blade shape with different platforms was designed to study the
nucleation and growth of stray grains in the platforms by both experimental investigation and a
ProCAST simulation based on a cellular automaton finite-element model. The results show that
at the withdrawal rate of 5 mm/min, no stray grains nucleate in the small dimensional platform.
However, the primary grain grows into the inner and outer sections of this platform in different
manners due to different thermal conditions in these sections. Furthermore, with the increase of
platform dimension, stray grains with random orientations gradually nucleate in the corners of
the platforms. It is found that these stray grains tend to nucleate either in the inner corners or at
a faster withdrawal rate, which is associated with the corresponding thermal condition. Based
on these results, the rule of the critical platform dimension and withdrawal rate without stray
grain formation has been proposed. Besides, the simulation results are in accordance with

experimental findings.
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I. INTRODUCTION

IN the past decades, Ni-base superalloy single-crystal
turbine blades have been extensively used in the modern
gas turbine for aircraft propulsion and power genera-
tion. Compared with conventionally casting blades, they
can be subjected to higher service temperature and
possess superior mechanical properties due to the
elimination of grain boundary (GB). However, owing
to the complex geometry shape of turbine blades and the
increased addition of refractory alloy content, the
prevention of defect formation in modern turbine blades
during the directional solidification (DS) process be-
comes increasingly challenging.

One of the major defects encountered during the DS
process is stray grain,!' * which is randomly oriented and
easily forms high-angle boundaries (HABs) with primary
grain. Since GB strengthening elements are absent in
single crystal, HABs are very harmful for the mechanical
properties and usually perform as the source for crack
initiation. Therefore, many investigations!! ** have
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been carried out to study the behavior of dendrite
growth and the formation of stray grains. The platform
of turbine blade, which is considered as the most
sensitive site where stray grains tend to nucleate, has
already been paid fully attention to. Napolitano and
Schaefer®™ investigated the growth of dendrites and the
formation of low-angle GBs in the platform. Newell
and Souza et al”'” thought the cumulative misorien-
tation of low-angle GB in the platform results from
plastic deformation of dendrite stems in response to
contraction stresses during the DS process. Yang
et al' simulated the formation of stray grains in
the platform by cellular automaton finite-difference
model and found that increasing either the withdrawal
rate or the inclination angle of isotherm is in favor of
the nucleation and growth of stray grains. Ma et al.’
simulated the thermal condition in the platform of
turbine blades and proposed that the heat conductor
technology could reduce stray grain formation in the
platform.

However, few studies are aimed at the effect of
platform dimension on the formation of stray grains.
Therefore, some studies should be performed in this
field. In this article, it is concerned with the effect of
platform dimension on the dendrite growth and stray
grain formation. To reach this goal, a model of typical
turbine blade shape with different platforms is de-
signed. The behavior of dendrite growth and the
formation of stray grains in these platforms are
investigated by both experimental investigation and
numerical simulation. Besides, the effect of withdrawal
rate on the formation of stray grains in the platforms is
also discussed. It is expected to deeply understand the
reasons why stray grains nucleate and grow in these
platforms, and the relationship among stray grain
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formation, platform dimension, and withdrawal rate
will be revealed.

II. EXPERIMENTS

To investigate the effect of platform dimension on the
formation of stray grains, both experiment and simula-
tion have been conducted based on a model of typical
turbine blade shape.

A. Experimental Details

1. Model design

A model of typical turbine blade shape with one body
and four different platforms (1, 2, 3, and 4 marked in
Figure 1(b)) was designed to investigate the effect of
platform dimension on the formation of stray grains, as
shown in Figure 1. Several parameters used in this
model are labeled in Figure 1, including the length (L),
the width (W), the height (H), and the position of
platform (P). The details of the geometrical dimension
and distribution position of body and platforms are
shown in Table 1.
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Fig. 1—Schematic diagram of the parameters in the model design.

2. Procedure of experiments

The DS experiment was carried out in a Bridgman
(high-rate solidification) industrial vacuum furnace. The
alloy used in current study is a typical second-generation
Ni-base superalloy CMSX-4 with the nominal compo-
sition (wt pct) of 6.4Cr, 9.6Co, 0.6Mo, 6.4W, 6.6Ta,
2.9Re, 5.7Al, 1.0Ti, 0.1Hf, and rest Ni. After induction
melting in the crucible, the master alloy was poured into
a ceramic mold mounted on a water-cooled copper chill
plate in the center of the furnace chamber. After about
600 s heat preservation for thermal equilibrium, the
mold was withdrawn at the rate of 5 mm/min.

The as-cast grain structures in the platforms were
observed by an optical microscope to investigate the
dendrite growth and stray grain formation. The nucle-
ation and growth of stray grains were investigated by
electron backscatter diffraction (EBSD) technology in an
S-3400N scanning electron microscope (Hitachi Ltd.,
Tokyo, Japan), equipped with Channel 5 software
(Oxford instruments, Oxford, UK) for automatic grain
indexing and mapping.

Ni-single crystal was used to calibrate precision of
crystallographic measurements. Grain orientations were
specified with respect to a coordinate system based on the
sample geometry, and the Z axis in this coordinate system
was parallel to the direction of dendrite growth. Since the
diffracted electrons that produce the patterns for indexing
can only escape from the top 10 to 20 nm of the surface, a
highly polished, deformation-free, flat surface is required
in order to collect high-quality EBSD data. The sample
surface was machined by wire electrodischarge machining
to acquire a flat plane perpendicular to the direction of
dendrite growth. An accelerating voltage of 20 kV and a
beam current of 5 nA were employed to collect EBSD
patterns by both area-scan and linear-scan modes with
steps of 20 um and 50 um, over several zones multiplied
by 50 times on every sample. More details could be
referred to the corporate standard of Q/KJ 08.01-4-2010.

B. Simulation Details

The ProCAST software (ESI Group, Paris, France)
based on a cellular automaton finite-element (CAFE)
model was used for the simulation. Thermal condition
and the fluid flow during the DS process were calculated
by a macroscale ProCAST model with a finite-element
solution of energy and momentum equations, and then
the calculated thermal profiles were input into the
microscale CAFE model to predict grain structures and
orientation evolutions.*> 2!

Table I. Geometrical Dimensions of Platforms Design in this Study

No. Geometry Dimension (L x W x H)/mm?® Position (mm)

1 Cuboid (S) 25 x 5 x 160 Body

2 Cuboid (S) 35 x 15 x 3 Py =90

3 Cuboid (S) 45 x 25 x 3 Py + P, = 130

4 Cuboid (S) 55 x35x%x3 P, + P, + P; =170

5 Cuboid (A) 48(32 + 16) x 44 x 3 P+ P, + Py + P, =210

S: symmetric; A: asymmetric.

1956—VOLUME 44A, APRIL 2013

METALLURGICAL AND MATERIALS TRANSACTIONS A



III. RESULTS AND DISCUSSION

A. Experiment

1. Dendrite growth and stray grain formation

Grain structures in different platforms of the model
with typical turbine blade shape are shown in Figure 2.
In the macrostructure of the designed model in Fig-
ure 2(a), no stray grains nucleate are observed in
platform 1, whereas many stray grains are present in
platforms 2, 3, and 4. In the dendrite structure of
Figure 2(b), it can be seen that the primary grain grows
into platform 1 completely, and no stray grains nucleate
in this platform. However, as shown in Figures 2(c)
through (e), with the increase of platform dimension,
stray grains increasingly nucleate in the corners of the
platforms, grow toward the center in the form of
dendrites, block the growth of primary grain, and
restrict the primary grain in the center of the platform.

2. Dendrite growth in platform 1

In platform 1, the primary grain grows into this
platform by developing new higher order dendrites, but
these higher order dendrites of primary grain grows in
the inner section and outer section of this platform in
different manners. In this work, the inner section is
toward the center and the outer section is toward the
furnace wall.

Figure 3 shows the evolution of dendritic structure
and accumulated misorientation in the inner section of
platform 1. As shown in Figure 3(a), in the inner
section, the primary grain develops secondary dendrites
to grow into the platform laterally, and then these
secondary dendrites develop tertiary dendrites parallel
to the growth direction of primary grain to occupy the
platform. In Figures 3(b) and (d), the results show the
dendrites continuously rotate, and the accumulated

New endrites
(b) Platform 1

misorientation of dendrites fluctuates up and down.
The rotation of dendrite tips probably results from the
solidification contraction of the melting which could
induce the residual stress and plastic deformation in the
tips of dendrites.”'”) Furthermore, as shown in Fig-
ures 3(c) and (d), the area scan results show that no
obvious subgrain boundary appears in the inner section
of platform 1.

However, in the outer section, the dendritic structure
is complex. Figure 4 shows the evolution of the dendritic
structure and the accumulated misorientation in the
outer section of platform 1. Secondary dendrites grow
laterally into the outer section and develop tertiary
dendrites parallel to the primary grain. Since the outer
section is close to the furnace, the thermal condition
changes from heat soak to heat extraction quickly when
the mold is withdrawn from the heating zone to the
vacuum chamber. It is easy to reach a larger thermal
gradient at the edge of outer section. Therefore, the
secondary dendrites could develop tertiary dendrites
earlier at the edge of outer section, and these tertiary
dendrites at the edge grow much faster than the tertiary
dendrites close to the center. When the tertiary dendrites
grow upward at the edge, they develop higher order
dendrites again. The higher order dendrites at the edge
grow toward the center of platform and meet the tertiary
dendrites near the center. Finally, a complex dendritic
structure in the outer section is obtained, as indicated by
white arrows in Figures 4(a).

In Figures 4(b) and (d), the EBSD results show that
the misorientation of dendrites also fluctuates up and
down. As shown in Figures 4(c) and (d), the area scan
results show that a subgrain boundary forms. Based on
these results, it is implied that the orientation of high-
order dendrite tips at the edge is misoriented with the
orientation of high-order dendrite tips near the center,

(c) Platform 2

Fig. 2—Grain structure in the platforms of the model: (a¢) macrostructure of models with different platforms and microstructure of the cross sec-

tion in platforms (b) 1, (¢) 2, (d) 3, and (e) 4.
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Fig. 3—Evolution of dendritic structure and accumulated misorientation in the inner section of platform 1: (¢) behavior of dendrite growth
(indicated by arrows), (b) accumulated misorientation, (¢) orientation evolution by area scan, and (d) corresponding inverse pole figures.

and this misorientation varies with the growth of
dendrites. Therefore, a subgrain boundary forms when
the high-order dendrites with different growth directions
meet each other again.

3. Nucleation and growth of stray grains

With the increase of the platform dimension, stray
grains increasingly nucleate in the corners of the
platforms and grow toward the center in the form of
dendrites. The nucleation and growth of stray grains in
platform 2 is investigated to show the process of stray
grain formation.

The microstructures of stray grains in different
positions of platform 2 are shown in Figure 5. In
Figures 5(a) and (b), many small stray grains nucleate in
the corners and grow toward the center of the platform
in the form of dendrites. They compete with each other,
and only several stray grains can survive. Figures 5(c)
and (d) show the GB between primary grain and stray
grain near the center of platform 2. The higher order
dendrites of the primary grain meet stray grain and stop
growing near the center of platform 2.

Figure 6 shows the grain structures and the corre-
sponding inverse pole figures in different positions of
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platform 2. Figure 6(a) shows that the orientations of
stray grains are random when they nucleate in the
corners of platform 2. It is implied that many stray
grains with random orientation have nucleated in the
corners of platform 2 before the high-order dendrites
developed by the primary grain reach there. As shown in
Figure 6(b), only one stray grain (B) reaches the center,
and the primary grain (A) meets this stray grain near the
center. It is suggested that after nucleation, stray grains
compete with each other and only few of them survive.
They grow toward the center in the form of dendrites,
and meet the primary grain near the center. As a result,
the primary grain (A) is blocked in the center by stray
grains and could not grow into platform 2. Therefore, at
the perimeter of the primary grain in platform 2, HABs
form (Figure 6(b)).

The nucleation and growth of stray grains in plat-
forms 3 and 4 are similar to that in platform 2. However,
with the increase of platform dimension, the amount
and size of stray grains increase sharply.

4. Nucleation tendency of stray grains in the platforms

Stray grains are easy to nucleate in the corners of the
platforms and grow into the platforms in the form of

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 4—Evolution of dendritic structure and accumulated misorientation in the outer section of platform 1: (a) behavior of dendrite growth
(indicated by arrows), (b) accumulated misorientation, (¢) orientation evolution by area scan, and (d) corresponding inverse pole figures.

dendrites. To clearly reveal the effect of corners posi-
tions on the nucleation of stray grains, the corners of
platforms are divided into two groups: two inner corners
and two outer corners. Figure 7 shows the number of
platform corners where stray grains nucleate. As shown
in this figure, no stray grains nucleate in the corners of
platform 1. But in platform 2, stray grains nucleate in
two corners, both of which are inner corners. Further-
more, in platforms 3 and 4, stray grains nucleate in three
corners, including two inner corners and one outer
corner.

These results indicate that with the increase of the
platform dimension, stray grains are much easier to
nucleate in the platform corners. The reason is that with
the increase of platform dimension, the melting in the
corners of the platform could reach a larger underco-
oling; therefore, stray grains are easier to nucleate in the
corners of larger dimensional platforms. Besides, based
on these results, it is also concluded that the nucleation
tendency of stray grains is different in the corners of the
platforms. As shown in Figure 7, stray grains tend to
nucleate in the inner corners. In platforms 2, 3, and 4,
stray grains nucleate in each inner corner. In contrast,

METALLURGICAL AND MATERIALS TRANSACTIONS A

stray grains nucleate in no outer corner of platform 2
and only one outer corner of platforms 3 and 4.

B. Simulation

1. Thermal condition

The accuracy of thermal condition has an important
influence on the simulation. Experimentally measured
temperature/time boundary conditions and a second-
generation single-crystal superalloy CMSX-4 with tem-
perature-dependent physical properties were used in this
study. The temperature of the heating zones and the
vacuum withdrawal chamber were 1873 K (1600 °C) and
293 K (20 °C), respectively. The alloy was poured at
1773 K (1500 °C) into the mold with the same temper-
ature (1773 K [1500 °C]). After heat preservation for 600
seconds, which aims to reach thermal equilibrium in the
melting, the castings were withdrawn at different rates of
1, 3, 5, 6, and 12 mm/min. More details about the
simulation parameters during the DS process have been
reported previously.?*® The calculated thermal condi-
tion at the rate of 5 mm/min when the liquidus isotherm
reaches platform 1 at 1700 seconds is shown in Fig-
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Fig. 5—Microstructure of the cross section and the vertical section in platform 2: (a), (b) nucleation of stray grains in the corners; (¢), (d) GB

between primary grain and stray grain near the center.

ure 8(a). An enlarged view of the thermal conditions and
the thermal condition of cross section in this platform are
shown in Figures 8(b) and (c). The calculated thermal
condition reveals the solidification sequence (Fig-
ure 8(b)) and the liquidus isotherm shape (Figure 8(c))
in platform 1, which is very useful for the analysis of
grain growth and stray grain formation in this platform.

2. Dendrite growth and stray grain formation in
platforms

The calculated thermal conditions were then used as
inputs to predict grain structures using a CAFE model.
The surface nucleation density of 10%/m*?%*" was
applied in this study.

The predicted grain structures of the model and the
cross sections of the platforms with different dimensions
at the rate of 5 mm/min are shown in Figure 9. In this
work, different colors represent different oriented grains.
Figure 9(a) generally shows the grain structures in the
four different platforms. It can be seen that the amount
and size of stray grains increases rapidly with the
dimension of the platforms increasing. Figures 9(b)
through (e) show the grain structures on the cross section
of the different platforms. In Figure 9(b), the primary
grain grows into platform 1 completely, and no stray
grains nucleate in this platform. With the increase of the

1960—VOLUME 44A, APRIL 2013

platform dimension (Figures 9(c) through (e)), stray
grains increasingly nucleate in the corners of the plat-
forms and grow toward the center; however, the primary
grain could not grow into these platforms and the
occupation space of the primary grain decreases sharply.
Besides, these simulation results agree well with the
experiments.

3. Thermal condition in platform 1

Compared with the inner section, the dendritic
structure is complex in the outer section of platform 1.
To understand the reason why dendrites grow in
different manners in this platform, the thermal condi-
tions at the rate of 5 mm/min in both the inner section
and the outer section were calculated at the time when
the temperature of the corresponding positions reached
the liquidus temperature.

In Figures 10(al) and (a2), it is shown that the
liquidus isothermal becomes radial when the tempera-
ture of platform 1 approaches to the liquidus temper-
ature. Furthermore, compared with the inner section,
the outer section has a larger thermal gradient, which
implies the secondary dendrites grow faster in the outer
section than that in the inner section (Figures 10(bl),
(b2), (cl), and (c2)). The reason is the outer section is
close to the furnace, and the thermal condition changes

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 8—Predicted thermal condition at 1700 s when the liquidus iso-
therm reaches platform 1: (¢) the mold, (b) enlarged view of plat-
form 1, and (c) the cross section of the first platform.
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from heat soak to heat extraction rapidly when the mold
is withdrawn from the heating zone to the vacuum
chamber. However, the heat exchange in the inner
section from heat soak to heat extraction is blocked off
by the body and the outer section during the DS process.
Therefore, compared with the inner section, it is easy to

A

(a)

—

(d)Piatrorm 3 ) 9 \ — (e)Patlorms4
(.b) Platform1 m
§ (C) Platform 2

Fig. 9—Predicted grain structures of the model («) and the cross sec-
tions of platform (b) 1, (¢) 2, (d) 3, and (e) 4.

Inner section

QOuter section

(al)

Inner section

Outer section
(b1)

Inner section

Outer section

(c1)

reach a larger axial (Figures 10(bl) and (b2)) and
longitudinal (Figures 10(cl) and (c2)) thermal gradient
at the edge of the outer section. In this work, the axial
direction is from the inner side to the outer side, and the
longitudinal direction is the direction of directional
solidification. This larger axial thermal gradient causes
the secondary dendrites grow faster in the outer section,
especially at the edge of the outer section. The larger
longitudinal thermal gradient induces the secondary
dendrites develop tertiary dendrites at the edge of the
outer section. As a result, a complex dendritic structure
is obtained in the outer section.

4. Nucleation of stray grains in different positions of
platforms

The formation of stray grains in different positions of
the platforms is related to the evolution of thermal
condition. To reveal the reason why different nucleation
tendency of stray grains is present in the different
corners of platform 2, the evolution of the thermal
conditions at the rate of 5 mm/min on the cross section
and the vertical section were calculated when the
liquidus reached this platform. As shown in Fig-
ures 11(al) and (a2), the temperature of the inner
corners first reaches the liquidus temperature, which

Liguidus

Outer section ner section

(a2)

.5.000

Inner section .
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-8.33
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nner section
Illa.as
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Fig. 10—Liquidus isothermal, axial, and longitude thermal gradient when the temperature of corresponding positions reached the liquidus tem-

perature in platform 1.
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Fig. 11—Predicted thermal condition of cross section and vertical
section when the liquidus reached platform 2: (a) 2110 s, (b) 2150 s,
and (c) 2170 s.

implies the melting here solidified earlier than other
positions. Then, the temperature in the positions around
the platform reaches the liquidus temperature, and the
melting there begins to solidify (Figures 11(bl) and
(b2)). Finally, the melting at the edge of the outer
section solidifies (Figures 11(cl) and (c2)). Based on
these simulation results, it is shown that when the
liquidus isothermal approaches to the platform, the
curvature of the solidification front gradually became
concave, and the melting in the corners of the inner
section begins to solidify first (Figures 11(al) and (a2)).
Therefore, stray grains are easier to nucleate first in the
inner section of the platforms.

5. Effect of withdrawal rate on the formation of stray
grains

The withdrawal rate plays a significant role in the
evolution of thermal condition and the formation of
stray grains. The predicted thermal condition and grain
structures in platform 2 at different withdrawal rates of
1, 3, 6, and 12 mm/min are simulated to investigate the
effect of withdrawal rate on the formation of stray
grains. At the withdrawal rate of 1 mm/min, when the
liquidus isothermal approaches to platform 2, the
curvature of the solidification front becomes inclined
(Figure 12(al)) and the primary grain grows into this
platform completely (Figure 12(a2)). However, with the

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 12—Predicted thermal condition and grain structures in plat-
form 2 at different withdrawal rates of (a) 1, (b) 3, (¢) 6, and (d)
12 mm/min.

increase of withdrawal rate, liquidus isothermal is
gradually concave (Figures 12(bl) through (d1)) and
stray grains with random orientation increasingly nucle-
ate in platform 2 (Figures 12(b2) through (d2)). Besides,
it is implied that with the withdrawal rate increasing, the
amount and size of stray grains increases obviously, and
the occupation space of the primary grain decreases
sharply. Therefore, with the withdrawal rate increasing,
stray grains tend to nucleate and grow in the platforms.

C. Rule of Platform Without Stray Grain Formation

Based on the results presented above, the rule of the
critical platform dimension and withdrawal rate without
stray grain formation has been proposed here. As shown
in Figure 13, stray grains tend to nucleate in the corners
of these platforms with the increase of platform dimension
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and withdrawal rate. When the withdrawal rate is
I mm/min, no stray grains are observed in platform 2
but many stray grains nucleate in platform 3. However,
when the withdrawal rates are increased to 3 or 6 mm/min,
many stray grains have already nucleated in platform 2.
When the withdrawal rate is sequentially increased to
12 mm/min, stray grains are present in platform 1.
Therefore, the critical platform dimension and with-
drawal rate without stray grain formation in the
platform are given in this figure, which is very helpful
for the production of single-crystal turbine blade with-
out stray grain formation in the platform.

IV. CONCLUSIONS

The effect of platform dimension on the dendrite
growth and stray grain formation was studied by both
experiment and simulation. According to the results,
following conclusions can be drawn:

1. Primary grain grows into the small dimensional
platform by developing new high-order dendrites.
However, primary grain grows in this small plat-
form in different manners due to different thermal
conditions in the inner and outer sections.

2. With the increase of the platform dimension, stray
grains with random orientations increasingly nucleate
in the corners of the platform, especially in the inner
corners. They compete with each other, grow toward
the center in the form of dendrites, and meet higher
order dendrites of the primary grain to form HABs.

3. The nucleation tendency of stray grains is different.
Stray grains nucleate easily in the inner corners,
which is associated with the solidification sequence
and the withdrawal rate in the platforms.

4. The withdrawal rate plays a significant role in the
formation of stray grains. With the increase of
withdrawal rate, stray grains tend to nucleate and
grow in the platforms.

5. The simulation results agree well with experimental
findings.
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