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Abstract

Turbine blades have complex geometries with free form surface. Blades have different thickness at the trailing and leading edges as well
as sharp bends at the chord-tip shroud junction and sharp fins at the tip shroud. In investment casting of blades, shrinkage at the tip-shroud
and cord junction is a common casting problem. Because of high temperature applications, grain structure is also critical in these castings
in order to avoid creep. The aim of this work is to evaluate the effect of different process parameters, such as, shell thickness, insulation
and casting temperature on shrinkage porosity and grain size. The test geometry used in this study was a thin-walled air-foil structure
which is representative of a typical hot-gas-path rotating turbine component. It was observed that, in thin sections, increased shell
thickness helps to increase the feeding distance and thus avoid interdendritic shrinkage. It was also observed that grain size is not
significantly affected by shell thickness in thin sections. Slower cooling rate due to the added insulation and steeper thermal gradient at
metal mold interface induced by the thicker shell not only helps to avoid shrinkage porosity but also increases fill-ability in thinner
sections.
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1. Introduction These alloys solidify in a mushy form [1]. In the melt, crystals at
various stages of growth are dispersed forming a pasty mode. At
the initial stage of solidification any contraction due to the
difference in density of the solidifying metal and liquid melt is
compensated by mass movement of the melt, however, liquid feed
becomes more difficult when a continuous mush is formed [2].
Melt feed continues to pass through narrow channels in solid
mush but eventually is hindered due to the pressure drop leaving
isolated pockets which cannot be compensated by liquid feed.
Figure 1(a) shows the typical porosity in such a turbine blade.

Since most nickel base super alloys have a relatively large
solidification interval, an extended mushy zone is formed during
solidification and melt flow is restricted between dendrites
resulting in interdendritic porosity. In air-foil geometries such as
turbine blades, interdendritic shrinkage porosity appears in the
areas where solidification fronts meet at sharp intersections or
along the centreline of the blade. Shrinkage porosity forms deep
in the mushy zone in alloys with a large solidification interval.
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Porosity due to these isolated pockets is induced primarily by
difficulty in providing liquid flow required during final
solidification of the solid phase which is denser than the
interdendritic liquid [3]. Increasing casting temperature helps to
keep the narrow channels open for longer time which helps to
feed isolated pockets deep in the mush, however, increased
casting temperature causes other problems, for example large
grain size. Figure 1 (b) shows large grain formation at the root of
blade which is adjacent to in-gate. Slower cooling as compared to
the thin sections of the blade and extra heat mass at root causes
large grain formation. Increasing the pressure head of metal in
investment casting is also not usually practical because
metallostatic pressure is often negligible as compared to the
bubble pressure.
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Fig. 1. Common defects in casting of turbine blades

Metallostatic pressure induced by pressure head can be calculated

P = pgh (1
where as bubble pressure can be calculated by
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pP,—P=— 2)
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Since the bubble radius is usually on the order of micrometer in
size and surface tension o is fairly large value, usually the bubble
pressure P, is more than the metallostatic pressure.

20
p,2p+— 3
rp

which suggest that increasing pressure head in investment casting
does not help significantly to avoid shrinkage and gas porosity.
Darcy's law relates the velocity to pressure drop. According to
Darcy's law in 1-D system

Vv, =—— 4
&V 1t dx )
where g; is the liquid fraction, v; is the liquid velocity in the
mushy zone (i.e. shrinkage velocity), 4 is the liquid dynamic
viscosity , p is the melt pressure and x is the spacial coordinate. K
is permeability in the mesh zone. By integrating Darcy's law in
equation 7 and substituting relation for for shrinkage velocity

dT
Vv, = ,BR , thermal gradient G =—— and the isotherm
dx
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Where G, is thermal gradient, 7’ is the cooling rate, S is

solidification shrinkage defined as [ps —1] and ¢ is
P
integration constant. Pores forms when pressure drop exceeds

critical pressure drop [4].

According to Niyama Criterion, Pores forms when

G c
N =—< / ! (6)
g \/F Apcrit

where N, is known as the Niyama constant.

Larger freezing range causes the integral and hence the constant,
to be larger, hence the pressure drop will be larger and porosity
form more easily in large freezing range alloys (feeding distance
would be shorter). In a simple relation, porosity forms when

G
—— < const. @)

VT

A large temperature gradient, G, prevents porosity because

1. The mushy zone is shorter (shorter distance to feed)

2. For the same cooling rate , the isotherm speed, R = — is

smaller i.e. a smaller R results in a lower melt velocity,
v; = PR which consequently results in a lower pressure drop
according to Darcy's Law.

Similarly a lower cooling rate prevents porosity because of its
effect on the isotherm [5]. Feeding length can be calculated using
Darcy's law however because of complexity of moving

116 ARCHIVES of FOUNDRY ENGINEERING Volume 15, Issue 4/2015, 115-123



solidification fronts, simple metallurgical calculations do not
predict the length of the effective feeding distance. Existing
principles for design of feeders to avoid shrinkage, for example
Chovorinov’s rule for feeder design, is too complex to apply in
complex geometries such as turbine blades. To avoid
interdendritic shrinkage it is important to minimize the mushy
zone. The width of the mushy zone depends on the temperature
gradient and non equilibrium freezing range of the Alloy [5].

The main focus of this study has been to evaluate the foundry
parameters that can help to create conditions that are required to
increase melt flow through the mush in order to avoid shrinkage
porosity in complex geometries. The foundry parameters
evaluated in this study were shell thickness, insulation and casting
temperature. Test geometries were cast at different casting
temperatures with varying shell thickness and insulation patterns
to find their effect on shrinkage porosity, grain structure and
fillability in thin sections. The work explains how to shell
thickness and well designed insulation can help to achieve the
steeper thermal gradient at metal/mould interface and slower
cooling rate which is required the keep mushy zone narrow in
order to facilitate feeding through the mush. The work also
explains how fillability and grain structure is affected by
increased shell thickness.
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2.Experimental work

In this experimental work a typical turbine blade geometry for
an industrial gas turbine was selected, with chord length of 89
mm, leading edge thickness 0.56 mm and trailing edge thickness
1.05 mm. The cluster was designed to optimize fluid flow in the
cavity based on results of a number of simulations. The cluster
design selected for experimental work is shown in Figure 2.
Simulations were performed using the commercial software
package Nova Flow & Solid CV ™[6]. For reliable input from
simulation, thermal properties for the shell material were
measured in order to produce data for simulation software.
Thermo-physical properties for the Udimet 500, the cast alloy
were calculated with JMatPro™, [7], and are shown in table 1. f;
represent fraction liquid during solidification, p density of the
metal, x thermal conductivity, H enthalpy and g viscosity. Well
established principles for gating design from previous work [2]
[8] were considered to design a cluster. The ceramic shell material
used for the experimental work was water based collidal silica.
The inner most layer consisted of CoAl,0, as a grain refiner and
colloidal silica bound ZrSiO, with Alumina oxide as stucco.
Priming layers consisted of colloidal silica with a 325-200 mesh
zircon flour. Alumina with a mesh size of 90-54 was used as
stucco. For back up layers colloidal silica with a 200 mesh
aluminium silicate slurry was used. 16-30 mesh aluminium
silicate was used as stucco in backup layers. The shell properties
were measured empirically. The specific heat capacity C, of
ceramic mould was measured with a differential scanning
calorimeter Netzsch STA 404C™ equipment at a temperature
range between 25°C to 1200°C as shown in Figure 3 (a).
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Fig. 2. Tree design for blade casting, all dimensions in millimetres
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Table 1.

Thermo-physical properties for the Udimet 500™ used in simulation [7]
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T o fi & p (kg/m’) K (Wim’ ¢ H (Jlkg" ¢ U(Pa s)
1350 1 7230 8020 72
1325 0.40 7355 3275 7.7
1300 0.28 7425 2404 8.3
1275 0.10 7464 1317 9.1
1250 0.09 7490 996 10
1225 0.07 7508 1099 10.8
1200 0.05 7526 30.5 781 11.7
1150 0 7526 30.5 781 11.6
1100 7588 28.8 627 12.9
1000 7767 26.2 845
900 7726 242 722
800 7777 22.6 569
700 7821 21.1 553
600 7863 19.6 535
500 7903 18.1 517
400 7941 16.6 500
300 7977 15 484
200 8010 13.4 467
100 8042 11.8 449
25 8064 10.5 433

In order to measure thermal diffusivity & of the mold,
measurements were taken at temperature intervals 900 - 1300°C
using a Laser-Flash Netzsch LFA 427/4/G™. The values of
thermal diffusivity with respect to temperature are shown in
Figure 3 (b). Density was measured in a temperature range
between 25°C and 1200°C using a Netzsch DIL 402C/4/G™
dilatometer and the values of density vs. temperature are shown in
Figure 3 (c). Thermal conductivity was calculated from thermal
diffusivity, specific heat and density measurements using
following expression [9].

Various patterns and thickness of insulation were applied to
control heat flow and cooling rate in the airfoil. The intent was to
control the solidification rate and direction. Table 2 describes the
different types of insulations pattern and thickness used in the
casting trials. The casting trials were performed according to
experimental set up presented in Table 3. All castings were made
in vacuum furnace. The time to cast (from preheat oven to
pouring of tree) was kept constant for all the castings. The
vacuum level (7#10*mbar) in the furnace was kept constant and
the castings conditions were kept as identical as possible.

AT)=a(T)pc,(T) ®)
Table 2.
Insulation types and explanation
Insulation type Explanation
Type 1 No insulation.
Type 2 6 mm Complete air-foil.
Type 3 12 mm Complete air-foil.
Type 4 6 mm on bottom half at root side of air-foil and 12 mm on top half.
Type 5 6 mm on bottom half at root side of air-foil and 12 mm on top half + 6 mm at tip shroud.
Type 6 12 mm on bottom half at root side of air-foil and 6 mm on top half.
Type 7 6 mm on 2/3 of bottom side at root of air-foil and 12 mm on 1/3 of top.
Type 8 6 mm on 1/3 of bottom side at root of air-foil , 12 mm on middle and 18 mm on 1/3 of top.
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Fig. 3. Thermo-physical properties of the shell used in simulation

Table 3.
Design of experiments
Insulation type

Temp. 1500°C Temp. 1520°C Temp. 1540°C Temp. 1560°C

Type 1 9 and 11 mm Shell 9 and 11 mm Shell 9 and 11 mm Shell 9 and 11 mm Shell
Type 2 9 and 11 mm Shell 9 and 11 mm Shell 9 and 11 mm Shell 9 and 11 mm Shell
Type 3 9 and 11 mm Shell 9 and 11 mm Shell 9 and 11 mm Shell 9 and 11 mm Shell
Type 4 9 and 11 mm Shell 9 and 11 mm Shell 9 and 11 mm Shell 9 and 11 mm Shell
Type 5 9 and 11 mm Shell 9 and 11 mm Shell 9 and 11 mm Shell 9 and 11 mm Shell
Type 6 9 and 11 mm Shell 9 and 11 mm Shell 9 and 11 mm Shell 9 and 11 mm Shell
Type 7 9 and 11 mm Shell 9 and 11 mm Shell 9 and 11 mm Shell 9 and 11 mm Shell
Type 8 9 and 11 mm Shell 9 and 11 mm Shell 9 and 11 mm Shell 9 and 11 mm Shell

3. Results

optical microscopy. Figure 4 shows the location of cut sections

for microscopy.

To find effect of shell thickness and insulation on shrinkage
porosity and grain at different casting temperature, results of
experiments were statistically analysed using the commercially
available statistical software, OriginPro™ [10]. For grain size
evaluation, section closer to the root of the blade (the area which
is more prone to the large gain size) was cut and evaluated using
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a) Grain size at leading edge of the blade cast with 9 mm shell cast b) Grain size at leading edgé of the
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The area with large grains is measured by etching and manually
i measuring surface area of zone that is affected by coarse and
columnar grains. The shrinkage porosity was manually measured
I from the X-ray films.
i

3.1. Effect of shell thickness on porosity and
grain size

Shell thickness was observed to have very significant effect
on shrinkage. It was possible to reduce size of shrinkage by
increasing shell thickness. The effect of varying shell thickness on
porosity and grain size at different temperature is presented in the
graphs in Figure 7 (a) and (b). It was observed that increased shell

Fig. 4. Sample location for micro structure evaluation. thickness resulted in less shrinkage as shown in 7 (a).

S ) \‘;‘ b’ / Lo
blade cast with 11 mm shell

e =

¢) Grain structure in leadiﬁg edgé of blade at cast temi{erature d) Grain structure in leéding edge of bléae at cast‘tempera.ture
1520 °C with 11 mm shell 1560 °C with 11mm shell
Fig. 5. Effect of temperature and shell thickness on grain size in a selected section shown in figure 4
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The graph shows the size of shrinkage at chord-tip shroud
junction cast at four different casting temperature in ceramic shell
made in two different thickness. Size of shrinkage at the chord-tip
shroud junction dropped significantly by increasing shell
thickness (by adding more layer of ceramic during shell building
process), however effect of increased shell thickness on grain size
was not significant as shown in 7 (b) and 4. Figure 5 (c) and (d)
shows approximatly same size of grains at both 9 mm and 11 mm
shell thickness.

3.2. Effect of temperature on shrinkage and
grain size

Geometries were cast at different temperatures to observe the
effect of casting temperature on porosity and grain size. The best
results in terms of shrinkage were observed at 1560°C as shown
in the X-ray film in Figure 6, however a coarse grain structure
was observed at the root of blade as shown in Figure 5 (a) and 5
(b). Graph in figure 7 (a) shows that at lower casting temperature,
i.e 1500 °C, very large pores appeared at the chord-tip shroud
junction. With an increase in casting temperature, size of
shrinkage pore at chord-tip shroud junction dropped, however, an
increase in grain size at the root of blade was observed as shown
in figure 7 (b). Graph in figure 7 (b) shows the increase in area
affected by larger grains at the root of blade as a result of increase
in casting temperature. It was possible to obtain a fine-grain
microstructure at lower casting temperatures, for example, 1520
°C and 1500 °C however large shrinkage at chord-tip shroud
junction appeared at all these temperatures in uninsulated clusters
with both 9 mm and 11 mm shell, however, at 11 mm size of
shrinkage was significantly small as shown in 7 [a]. It can be seen

ARCHIVES of FOUNDRY ENGINEERING Volume 15,

Fig. 6. Indication of porosity at different cast temperatures A) 1500 °C, B)1520°C, C) 1540 °C, D) 1560 °C

in X-ray images of these blades shown in Figure 6 that the extent
of shrinkage increases with decreasing casting temperature.

3.3. Effect of insulation on porosity and grain
size

To investigate the effect of insulation on the shrinkage
porosity inside the air-foil, only air-foils were insulated. Variation
in insulations patterns and thickness significantly affected the size
of the porosity as shown in Figure 7 (c). Types of insulations are
explained in table 3. In uninsulated geometries, shrinkage at
chord-tip shroud junction appeared at all casting temperatures,
however, similar to pattern appeared in section 3.1, size of
shrinkage dropped with an increase in casting temperature. It was
observed that adding thicker insulation, for example, insulation
type 3 can help to minimize the size of shrinkage pore, however,
it resulted in large grains at the root of blade. Graph in 7 (d)
shows the effect of insulation on the size of area affected by larger
grains close to the root of blade. Insulation at blade geometry did
not effect the size of grains at lower casting temperature, i.e.
1500 °C, however, with an increasing casting temperature, large
grain appeared at the root of blade. The extent of area affected by
large grains was dependent on the thickness and location of the
insulation as explained in table 3.

To further determine effect of insulation on fillability and
grain size, trials were also performed using insulation at the
feeder and in-gates. It was observed that if feeder and in-gates are
insulated, larger grains can appear at the root of blade, i.e.
adjacent to the feeder even at low temperature, for example, at
1500 °C. No significant effect of insulated in-gates and feeders
was observed in terms of fillablity.
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Fig. 7. Effect of casting parameters on shrinkage porosity and grain size

4. Discussion

Casting temperature, insulation and shell thickness appeared
to be key process parameters for eliminating shrinkage porosity,
missruns and non-uniform grain structure as shown in graphs 7
(a), (b), (c) and (d). It was observed that eliminating shrinkage
and missruns while maintaining a fine-grained micro structure
required a trade-off. At higher temperature i.e. 1560 °C shrinkage
porosity was completely avoidable due the the prolonged feeding
of melt as shown in figure 6. However high casting temperature
resulted in coarse grains at the root of the blade due to higher
thickness at root and high heat mass from the adjacent feeding
arm. Figure 5 (a) and (b) shows the large grains at the root of the
blade cast at 1560 °C, regardless of shell thickness. At lower
casting temperature , e.g. 1520 °C shrinkage porosity was
avoidable by increasing the shell thickness without increasing the
size of grains at the root of the blade as shown in 7 (a) and (b),
where effect of casting temperature on grain size and porosity at
two shell thickness is presented. Increased shell thickness as well
as the application of insulation to the shell also serves to decrease

the cooling rate and thereby to limit dendrite arm length and thus
the width of mush. The best results were obtained by minimizing
cast temperature, adding insulation that allows faster cooling at
the root of blade to limit grain size while slowing the cooling in
thin sections which along with increased shell thickness control
the width of mush. Figure 7 (c¢) and (d) describes the effect of
different insulation patterns on grain size and shrinkage porosity.
In thin section, increasing shell thickness and thus increasing
the capacity of the mould to absorb heat at initial phase of
solidification lead to a steeper thermal gradient at the metal/mould
interface [11]. A steeper thermal gradient hindered the growth of
dendrite arms and improved the fillability in the thin sections and
feed of metal to the shrinkage pores. However, no significant
effect of increased shell thickness on the grain size was observed
which can be attributed to the fact that effect of shell thickness on
thermal gradient is for very short period of time, i.e. one or two
initial seconds of solidification process after mould filling. These
initial few seconds of solidification are very critical for dendrite
growth [11] and thus for shrinkage porosity in thin sections of the
blade, however not at the time scale where grain formation
occurs, especially at the root of blade where cooling rate is slower
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due to the adjacent feeder and thus extra heat mass. Grain size
appeared to be dependent on available heat mass and cooling rate.
At higher casting temperature, presence of extra heat mass above
the root of the airfoil resulted in much slower cooling rate as
compared to thin sections and thus larger grains in the root of the
blade. The effect of casting temperature on grain size in a section
shown in in figure 4 is presented in graph 7 (b). In the presence of
steep thermal gradient, an insulation pattern that allows slower
cooling in the thin section while faster cooling in thicker section
can help to avoid shrinkage porosity as well as uneven grain
structure.

5. Conclusion

It has been observed that the thickness of the ceramic shell
strongly influences shrinkage. The heat absorbing capacity of
ceramic is determined by shell thickness, which is critical for
casting of thin, complex shapes.

In thinner sections and at sharp junctions, the heat absorbing
capacity is important due to its effect on the heat transfer
coefficient and the thermal gradient in the metal adjacent to the
mould wall. Increasing the heat absorbing capacity of ceramic
shell helps to maintain a high thermal gradient between melt and
mold for a longer time interval. The width of mushy zone
decreases with increasing thermal gradient making possible feed
of metal to shrinkage pores.

Adding insulation at thinner sections also slows the cooling
rate which consequently minimizes the dendrite length resulting
in a more planar solidification front. The conditions achieved
through the higher thermal gradient and slower cooling rate keeps
the width of mush shorter which allows metal feed through
growing dendrite arms for a longer distance and thus helps to
reduce shrinkage not only at points where solidification front
meets but also between the growing dendrites.
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