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Abstract

A macro-scale ProCAST and a meso-scale Cellular Automaton
Finite Element model (CAFE) are used to simulate the competitive
growth and grain selection during solidification in spira grain
selector, which is widely used in industry to produce single crystal
turbine blades. The macro-model ProCAST calculates the
macroscopic heat transfer and fluid flow and the calculated
thermal profiles are then used as input in the meso-scale CAFE
model to predict grain structures and grain orientations.
Competitive growth and grain selection in the selector has been
analysed with emphasis on the shape of the spiral. It is found that
the spiral becomes more effective as a grain selector, when it has a
smaller “take-off” angle. However, the grain orientations cannot
be optimised during the selection event in the spiral. To validate
the modelling results, spirals with different shapes were cast in a
fully instrumented industrial directional casting furnace and the
grain structure and orientations in the spirals were analyzed.

Introduction

The operating temperature of turbine blades in jet engines has
progressively increased because of the demand for ever higher
turbine entry temperatures in the engine to save energy and
increase thrust. Turbine blades are made from Ni-base superalloys.
It is well known that theses alloys are difficult to forge, in
particular when the blades have complex geometries with intricate
channels which alow cooler air flow within and along the blades
during operation [1-2]. Therefore, turbine components are usually
produced by investment casting, particularly rotators such as
blades and static components like nozzle guide vanes and seal
segments. During casting two types of grain structures are formed
in the blades: columnar grains and equiaxed grains [3-9] (see Fig
1). Fig 1(a) is a Ni-base superalloy turbine blade, which was
produced by investment casting, i.e., by pouring the molten metal
into a consolidated ceramic mould. After chemical etching, the
grain structure of this blade is clearly revealed by zones of
different grey levels. As can be seen, the crystals grow
approximately equally in their preferred growth directions,
forming roughly rounded-shaped, equiaxed grains. Fig 1(b) is a
turbine blade with an array of paralel aligned dendrites from the
bottom of the blade to the top. The parallel elongated dendrites
congtitute a region of columnar grains. To grow the columnar
grains in the blades, a positive thermal gradient is imposed at the
growth front. This is achieved through directional solidification
where heat is extracted through the solid, in the opposite direction
to the growth direction (see Fig 2 (a)). Directional solidification
(DY) furnaces have been used to grow blades with columnar
grains. As shown in Fig 2 (@), the DS furnace comprises 3 zones:
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(1) a vacuum induction-melting unit; (2) a resistance-heated
furnace chamber and (3) a withdrawa chamber. The preheated
ceramic mould is open at the bottom and sits on a water-cooled
copper chill plate. The molten superalloy solidifies on contact with
the copper chill to form a thin layer of equiaxed grains.
Subsequent growth favors those grains where the <001> direction
is most closely aligned with the thermal gradient, producing an
array of columnar grains with a common vertical <001> crystal
orientation. After solidification starts, the water-cooled chill plate
is lowered gradually. Withdrawal of the ceramic shell mould filled
with molten aloy from the heated furnace produces a blade with
columnar grains as shown in Fig 1 (b).

(d)

Fig 1 Ni-base superaloy turbine blades solidified as (a) equiaxed
morphology, (b) columnar grains, (c) single crystal, (d) an
enlarged view of the single crystal blade showing detailed
dendritic structure calculated using CAFD solidification software
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To completely remove high angle grain boundaries and to gain
exact control of grain orientation in columnar blades, blades with a



single grain is desired. In practice, casting a single crystal blade is
achieved by directional solidification combined with a spira grain
selector and a starter block as schematically shownin Fig 2.
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Fig. 2 (8 Schematic drawing of investment casting for single
crystal turbine blade, (b) single crystal turbine blade with spiral
grain selector [1].

In casting foundries, a prefabricated starter block is placed at the
bottom of the mould (see Fig 2 (a)). The mould is withdrawn from
the furnace to grow the blade. Severa grains nucleated within the
starter block can grow into the spiral-shaped passageway (called
spiral grain selector) and most of them will be eliminated.
Invariably only one grain survives during competitive growth in
the spird grain selector. If solidification in the main body initiates
from a single crystal at the top of the spiral, then the whole blade
solidifies as a single-crystal, which is further aided if a high
thermal gradient and low velocity is maintained during the growth
of the blade.

Asillustrated in Fig. 2(b), a grain selector consists of two parts: a
starter block unit referring to competitive growth for the grain
orientation optimisation and a spiral grain selector facilitating
dendrite branching to ensure that only single grain eventually
survives at the top of the seed. The grain selection at the starter
block has been systematically studied by Carter et a [10] to
predict the grain size and grain texture. The purpose of this study
is therefore to simulate and analyse the competitive growth and
grain selection in the selector with emphasis on the shape of the
spiral. The effect of spira geometry on the grain selection was
simulated using a coupled model and then validated against
experimental observation.

Parameters used in the spiral design are illustrated in Fig. 3
including the angle of the spira (#), corresponding pitch length
(Lp), the diameter of the spiral (ds) and thickness of the spiral (d;).

Table | shows the geometries of the spirals designed in this study.
This includes 16 cases which are divided into two groups. The
diameter of the base (dp) is chosen as 20 mm according to the
common industria practice.

Fig. 3 lllustration of the grain selector, showing the parameters
used in the spiral design.

Simulation

A macro-scale ProCAST model and a meso-scale Celular
Automaton Finite Element (CAFE) model are used to simulate the
grain selection during directional solidification of single crystal
investment castings, which are now widely used for a number of
critical applications in gas turbine engines. The macro-model
ProCAST is to simulate the macroscopic heat transfer and fluid
flow by using a finite element solution of energy, momentum
equations to determine the heat and momentum flow. Calculated
thermal profiles are then coupled to the meso-model CAFE as
input to predict grain structures and grain orientations in the grain
selector.

Orientation Selection in Starter block

The thermal field plays a key role in casting. During directional
solidification, the heat transfer in the grain selector was calculated
using a VeriCast model [11] in ProCAST. The VeriCast model has
been validated using a fully instrumented industrial directional
casting furnace [11]. Experimentally measured temperature / time
boundary conditions and the second-generation single crysta
superalloy CM SX-4 with temperature dependent materials

Table |. Geometry of spirals designed in this study

Group A Group B
Case 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
8 (°) 20 25 30 35 40 50 60 70 20 25 28 29 35 40 50 70
Lp (mm)| 65 85 | 105 | 128 15 215 | 315 50 75 93 | 105 | 11.2 14 17 24 55
ds (mm) 12 15
dy (mm) 3 5

368



properties were used as inputs in this study. The initial
temperature was set to 1475°C. The shell was mounted on a water-
cooled copper chill base and surface nucleation density of 1x10°
(number of nuclei/m?) was applied to generate random nucleation
at the bottom of the starter block. After soaking of the mould, the
model assembly was withdrawn from the furnace at a pre-
determined rate and grains grew from the generated seeds at the
bottom of the starter block. The withdrawa velocity during
casting will affect the grain structure and defect formation. High
withdrawal rates were found to generate a refinement of the
microstructure and reduce the hot tearing tendency. More details
about the effect of withdrawal velocity have been presented
previously [12]. In this study, a withdrawal velocity of 0.06 mms*
is used during solidification. As an example, the calculated
thermal profiles after 6s solidification for the investment casting
furnace assembly and the blade are shown in Figs. 4 (a) and (b).
An enlarged view of the calculated thermal profile at the grain
selector is shown in Fig 4 (c).

Fig. 4 Predicted three-dimensioned thermal fields during casting
of turbine blades; (a) investment furnace, (b) enlarged view of the
casting blade, (c) enlarged view of the grain selector.
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The calculated thermal profiles are then used as inputs to predict
grain structures using a grain structure model, cellular automaton
finite element (CAFE) model [13-15]. CAFE couples a cellular
automaton (CA) technique for grain growth with a finite element
(FE) solver for heat flow. The advantages of the CAFE model are
that the individual grains can be identified and the distribution in
their shapes, sizes and orientations can be visualized.

Using the coupled model, predicted 3D grain structures and
orientations in the starter block are shown in Fig. 5. The left
picture (Fig. 5 (a)) is the predicted 3D grain structures in the grain
selector including the starter block and the spiral. Different
colours represent different grains characterized by different
orientations. Figs. 5 (b1)-(el) are the cross sections at different
heights from the base along the solidification direction. At the
bottom (Y=2mm), a large number of grains have nucleated with
random orientations. During competitive growth accompanying
solidification, the grains with orientations well aligned with the
thermal gradient can grow faster than their unfavourably oriented
neighbours and overgrow them and therefore lead to a decrease in
the total grain number. At a height of 29 mm (Fig. 5 (el)), a
couple of grains were primarily selected after the competitive
growth in the base and grew into the spiral, and then asingle grain
would eventually survive at a height corresponding to about one
half of the pitch in the spiral.

The predicted <001> pole figures showing the crystallographic
texture in the starter block along the direction of heat flux at
different heights from 2 mm to 29 mm are illustrated in the Figs.
5(b2)-(e2). At the bottom of the starter block, grains are random
oriented and a <001> texture develops within 10 mm from the
bottom (Fig. 5(d2)), which agrees with the experimental
observations and predictions by Carter et al [10].

Fig. 6 shows the average deviations of grain orientations at
different heights from the bottom. This deviation is defined as the
angle between the primary <001> of the grain and the vertica
(casting) axis. The dashed red line separates the starter block from
the spiral grain selector. It isfound that in the starter block the

4
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Fig. 5 Predicted grain structure in the grain selector (@) and the cross sections at the height from the base of: (b1) 2mm; (c1) 5mm;
(d1) 10mm; (el) 29mm. Corresponding <001> pole figures at the height from the base of: (b2) 2mm; (c2) 5mm; (d2) 10mm; (€2)

29mm.



average grain deviation decreases with the increase of the height
along the solidification direction. The average deviation of grain
orientations at the top of the cylindrical starter block can be
controlled within 15°. Therefore, the starter block is effective in
the selection of grain orientations.
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Fig. 6 Average deviations between <001> direction of grains and
the direction of the heat flux (casting axis) at different heights
from the bottom.

We speculate that the function of the spird is to select a single
grain from those surviving grains at the top of the starter block.
Consequently the spiral is used for grain selection, i.e. to ensure
only one grain finally survives during growth within the spiral and
subsequently grows into the turbine blade. To affirm our
speculation, we designed spirals having different shapes to
investigate the grain number and orientation selection within the
spiral. For this purpose, the length of the starter block is reduced
to 1 mm to enable more grains to be selected and to grow into the

spiral.

Grain Selection in Spiral Grain Selector

Grain Number Selection in Spiral Grain Selector: It is of interest
to investigate the efficiency of the spiral selector on the grain
selection process with respect to different spiral designs. To
achieve this, same initial solidification conditions were applied for
all the cases shown in Tablel.

Fig. 7 shows the simulated minimum heights where single grain
texture is obtained for the spirals with different take-off angles,
illustrating that grain selection depends on its geometry,
especially the take-off angle 6.

Single grain occurs at a higher location in the spiral with an
increase of the take-off angle 4. The reason for this can be
explained as follows: With a smaller take-off angle, the crystalsin
the spiral have a less height to grow and have more chance to be
blocked by the spiral wall. Smaller take-off angle corresponds to
smaller pitch size, which means the cycle time for the spiral
selection is aso shorter and hence can improve the spiral
efficiency. In addition, the smaller take-off angle 6 offers more
opportunity for dendrite branching, which also decreases the
chance for grain survival and thereby makes grain selection more
rapid than spirals designed with larger take-off angles. However,
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considering the diameter of the spiral itself, too small a take-off
angle @ is not practical for spira production. This probably
explains why the take-off angle in the spiral selector is normally
chosen between 25° to 30° in the single crystal casting process in
industrial practice.
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Fig. 7 Simulated minimum heights where single grain texture
occurs in the spiral versus the take-off angle 6.

The influences of the diameter of the spiral (ds) and thickness of
the spiral (dr) on the efficiency of grain selection were aso
investigated and reported in ref [16], in excellent agreement with
the results reported by H. Esakaet al. [17].

Grain Orientation Selection in Spiral Grain Selector: The selection
of grain numbers in the spiral selector has been discussed above
and following is an investigation into the selection of grain
orientations in the spiral.

As an example, Fig. 8 shows the simulated results for case 11
using the coupled ProCAST & CAFE model. The initial surface
nucleation at the bottom is 1x108 (number of nuclei/m?), which
yields 4x10° grains at the chill plate. During directional
solidification, grain orientation selection occurred firstly in the
1mm base and the selected grains then entered into the spiral. In
the spiral, grain selection became much more efficient and one
single grain was quickly selected below the position of one and a
half pitches. As illustrated in Fig. 8, the average orientation
deviations along the direction of <001> of the grains which grew
into the spiral is slightly optimized, since as discussed above the
height of the base is critical for orientation selection. However,
during the grain selection in the spiral, it seems that the spiral has
no direct optimisation on grain orientations. To conclusively
prove this, every single case in the spiral design was repeated 5
times for validation purposes. The results confirm that the
orientation of the final SX grain israndomly selected in the spiral.
More details can be explained in the pole figures bel ow.

The pole figures in Fig. 8 clearly illustrate how the grain
orientations are selected in the spiral during directiona
solidification. Fig. 8(a) shows the 3D simulated microstructure of
the spiral for case 11, Figs. 8(bl) - (el) are the standard <001>
pole figures at different heights along the direction of heat flux,
and Figs. 8(b2) — (€2) show the corresponding deviations of the
grain orientations between the direction of the primary <001> and
the heat flux.



e (c1) (d2) (e1)
% %
— at® 50 100
15 30 40 55 0 15 30 40 5 0 15 30 40 55 0 15 30 40 55
@ (b2) (c2) (d2) (€2)

Fig. 8 Predicted grain structure in the spiral selector (a), <001> pole figures along the direction of the heat flux at the height from the base
of: (bl) 1mm; (cl) 6.25mm; (d1) 11.5mm; (el) 16.75mm and the corresponding deviations between the direction of the grain primary

<001> and the heat flux ((b2)-(e2)).

Fig. 8(b1) shows the pole figure at the bottom of the spiral grain

selector. It is found that the grain orientations are random and the
<001> texture is not obvious at this location. There would still be
alarge number of grains that would enter into the spiral. Fig. 8(b2)
plots the distribution of the grain orientation deviations and the
average grain orientation at the bottom of the spiral. Although the
1 mm base length is too short to produce the <001> texture, the
grain orientations have been dlightly optimised and the average
deviation of the grain orientations at the top of the base is 31°.

This agrees with the previous discussion that the base is essential

to select grains well aligned with the heat flux and the height of

the base will determine the orientations of the grains which can
enter the spiral. At the height of half pitch, the pole figure (Fig. 8
(c1)) shows that the number of grains has dramatically decreased.

However, the points in the pole figure are till randomly
distributed based on the orientations selected from the base. From
the distribution of the grain deviations (Fig. 8 (c2)), the numbers
of grains with orientations below 10° and between 25° - 35° have
appreciably decreased rather than the grains with high deviations
and the average deviation of the grain orientation became 37°,

which was even higher than the previous stage. This proves that
the overgrowth mechanism of grain selection in the spira has no
direct effect on the selection of the grain orientations. Therefore,
the spiral does not play arole in the selection of the optimisation
on grain orientations. Fig. 8(d1) shows the pole figure plotted at
the height of one pitch. There are only four grains that survive
after severe competition in the spiral. Compared with the grain
orientation distribution at the height of half pitch, the grains with
orientation deviations below 30° are overgrown by the grains with
high orientation deviations and no optimisation on the grain
orientations is found (Fig. 8(d2)). At the height of one and a half
pitches, the final SX grain was selected as shown in Fig. 8(el).
The orientation for the final SX grain is 39°, which overgrew the
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grains with either smaller or bigger deviations of grain
orientations during solidification, and confirms the previous
discussion about the selection of the grain orientations in the
spiral. The texture evolution and the deviation of grain orientation
analyses at different heights in the spiral confirm our proposal that
the spiral grain selector is just used to rapidly select one grain and
the grain orientation control occurs in the starter block.

Experimental I nvestigation

Details of the | nvestment Casting Process Used

Corresponding to different spiral grain selector designs, the
casting experiments were conducted using a fully instrumented
industrial directional casting furnace. Wax replicas were designed
as shown in Fig. 9(a), consisting of spiral grain selectors and test
bar sections as well as a few slim cylindrical bars to hold the
spirals to maintain the original shapes, which would be finaly
removed before casting. Two or three spirals were assembled on
one chill plate depending on the spiral geometries to economize
the casting time. To achieve random nucleation, the spirals
directly contact with the chill plate. Four castings were made with
8 different designed spiral selectors and 1 straight selector for
comparison. Then the wax moulds were coated with multiple
layers of ceramic durry to obtain a ceramic shell. When the
moulds were dry, the moulds were de-waxed in a steam autoclave,
and then fired to remove al the residual wax and strengthen the
ceramic shell by partial sintering. Before casting, CMSX-4
cylindrical charges were inserted into the test bar section on the
top (Fig. 9(b)). Theinitial temperature for the casting was selected
as 1570°C to ensure that the charges can melt completely. A
series of water cooled baffles were used to keep heat flux
perpendicular to the direction of withdraw. During solidification,



a withdrawa velocity of 0.06 mms® was maintained and the
whole casting process took approximately four hours.

£y
h 4

Fig. 9 Photographs of the wax assemblies prior to coating (a) and
ceramic shellswith charges before casting (b).

Microstructure Analyses using Optical Microscopy

To compare with the simulation results, different spirals were
further analysed after casting. Using optical microscopy, the grain
structures for different spirals produced during directional
solidification were viewed and the efficiency of grain selection in
the spiral corresponding to different spiral designs was
investigated.

Fig. 10 shows the grain structures of the casting components for
different spiral designs. The spirals were macro-etched using an
electrolytic and chemical etch method routinely used in industrial
practice before visual observation of the grain structures.

As illustrated in Fig. 10, at the bottom of the spiral, there are a
large number of grains with random grain orientations and the
grain size is very small. With competitive growth during
solidification, the grain number quickly decreases and branching
makes the grain size larger. Finaly, a single grain survives. In
Figs. 10(a) — (c), three different spiral castings are compared in
terms of different take-off angles 6, but having the same diameter
(ds) and thickness (dy). A cylindrical bar with the same diameter
as the spiral (ds) is also compared and shown in Fig. 10(d). As
illustrated in Fig. 10, the location where single grain structure
occurs differs. With the increase of the spiral pitch size, the single
grain structure occurs a a later stage which means it will need
more time to select the final grain and in turn decrease the
efficiency of grain selection within the spiral. Compared with the
spiral selector, the cylindrical bar selector does not successfully
select one single grain after the similar length (shown in Fig. 10
(d)), which indicates that the spiral is more effective than the
cylindrical bar in terms of selecting the grain numbers during
directional solidification.
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Fig. 10 The grain structures of the cast spiras in case: (a) 11; (b)
15; (c) 16 and acylindrical bar for comparison.

The experimentally observed minimum heights where single
crystal structure occurs are superimposed on the simulated results
and shown in Fig 11. It reveals that the experimental observations
agree well with our simulation results and confirms the
importance of the spiral designs on the efficiency of grain
selection during directional solidification.
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Fig. 11 Predicted and experimentally observed minimum heights
where single grain structure occurs in spirals vs. take-off angle 6

Analyses of the Grain Orientationsusing EBSD

To investigate the selection of grain orientations in the spiral and
to compare with the simulation results, grain size and texture
distributions at different heights of the spiral were analysed in this
section.

Prior to analyses, the samples were cut at different heights vertical
to the direction of heat flux. The surfaces of each section were
polished to a 1um finish and then polished for a further
10 minutes with colloidal silica. The prepared samples were then
examined using a FEI Field Emission Gun Scanning Electron
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Fig. 12 (a) optical photograph of the cast spiral, (b1)-(d1) the grain texture according to grain orientations at different heights of the
spiral, (b2)-(d2) the corresponding <001> pole figures at the various heights as shown in (a).

Microscope (FEGSEM) by Oxford Instrument. Grain sizes and
texture distributions were measured using Electron backscatter
diffraction (EBSD). The instrument was made by HKL
technology. The EBSD patterns were collected using a regular
square grid of 50 um, over the whole sample sections.

Fig. 12 shows the analysed results for the spiral in case 11. Fig.
12(a) is an image taken using optical microscopy, Figs. 12(bl) -
(d1) show the grain texture of cross sections according to grain
orientations at different heights of the spiral and Figs. 12(b2) - (d2)
show the corresponding <001> pole figures aong the withdrawal
direction. Fig. 12(b1) shows the grain texture at the section near
the bottom of the spiral. The grey colour area stands for the
sample. The grain boundaries can be seen clearly in the image and
different grains were plotted using different gray colours. Sample
b is cut at about 1 mm higher than the bottom of the spiral and
shows a smaller number of grains compared with the simulation
results. As shown in the pole figure along the withdrawal
direction (Fig. 12(b2)), grain orientations are random with no
preferred texture. Fig. 12(cl) shows the grain texture of the cross
section at the height of one pitch. The grain numbers quickly
decreased to 5 after one pitch length during competitive growth
and the grain sizes were much coarser owing to grain growth and
branching. The orientations of these 5 grains were plotted in the
standard <001> pole figures along the direction of heat flux
shown in Fig. 12(c2). From the pole figure, we can find the grain
orientations were randomly selected during the solidification and
no preferred texture has been made during the grain selection. At
the height of two pitches (Fig. 12(d1)), one single grain was
finally selected and the pole figure was shown in Fig. 12(d2).

For comparison, Fig. 13 shows the simulation results of angles
between the casting axis and the primary <001> direction of the
final single crystal corresponding to different take-off angles as
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shown in Table |. We observe that the grain orientations are
randomly distributed and no optimisation occurs during grain
orientation selection in the spiral. Both the simulation results and
experimental analyses verify that the spiral can not optimise the
grain orientation.
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Fig. 13 Simulation results of angles between the direction of the
heat flux during casting and <001> direction of the final single
crystal corresponding to different take-off angles

Concluding Remarks

Majority of the selection of grain orientation occurs in the starter
block and only a couple of grains with well aligned orientations
can grow into the spiral. The purpose of the spiral selector is only
to rapidly but randomly select one single grain and the spira
efficiency significantly depends on the spiral take-off angle.



Although the spiral is effective in selecting grain numbers, it has
no direct effect on the grain orientation optimisation.
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