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Dendpritic branching patterns in platforms of
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Abstract: Dendritic branching patterns at variable cross-sections in Ni-based single crystal (SX) castings of
different generations were investigated using optical microscope (OM), electro probe microanalyzer (EPMA),
differential scanning calorimeter (DSC), Thermo-Cal software and Pro-CAST software. Results show that the
dendritic branching patterns are similar in outward platform in SXs of different generations. That is, the primary
dendrites (PDs) are introduced into the platform by developing a series of secondary dendrites (SDs) to occupy
the bottom of the platform, and the ternary dendrites (TDs) originating from these SDs grow upward to fill up
the platform. With the SX generation increasing, the undercooling of melts in the inward platform increases
significantly due to the increasing alloying elements and the segregation in the directional solidification (DS)
process, and the growth velocity of the dendrite tip increases according to the dynamic model of dendrite growth,
which is beneficial for the high-order dendrite development. The stronger dendritic branching ability is shown in
the inward platform of the higher generation Ni-based SX.
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ue to excellent high temperature performances,

Ni-based single crystal (SX) superalloys have
been widely used in the aerospace field, especially
in manufacturing turbine blades for acro-engines .
With the modern engine efficiency improving, the inlet
temperature of the turbine increases, and this requires
higher temperature capability of SX superalloys /.
In addition, the alloying elements increase with SXs
developing. Consequently, the directional solidification
(DS) process is increasingly complicated "~ and the
elements segregation is more and more serious. Preventing

[7-91

defects, such as stray grains , misorientation, low

angle boundary "'’

and high angle boundary, for
complex alloy systems in the DS process becomes
challenging. Therefore, it is necessary to pay attention to
the DS process for SX castings of different generations.
Owing to the complex geometry shape and intricate
air-cooling channels of turbine blades, asymmetric heat

flux and cross-section transients influence the shape of
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the liquidus isotherm, and consequently, the dendrite
growth "~ The dendrite growth is closely connected
with the solidification defects, which further affects
the performances of SX castings. Thus, it is essential
to understand the detailed dendrite development in

SX blades. Some researchers ! ' 13~18

investigated
the dendritic branching patterns at variable cross-
sections under different solidification conditions, and
it was found that the primary dendrites (PDs) can be
introduced into the platforms by developing a series of
secondary dendrites (SDs) forward, and the SDs would
produce new dendrite branches if the thermal condition
was suitable.

In fact, mastering the entire dendrite growth in the
DS process can direct the production of SX blades
with a complex shape. Also, forming the dendritic
branching patterns can be useful for manufacturing
the SX castings with a specific direction. Furthermore,
studying the dendrite growth in different generations of
SXs is beneficial for the acquisition of SX castings with
different compositions. Therefore, some experiments
should be performed in this field. In this work, the
dendritic branching patterns within platforms in SXs
of different generations were investigated in detail, and
the reasons leading to the different dendritic branching
patterns were discussed. These results are expected to
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direct the industrial production of complex SX components and
to increase the yield of SX turbine blades.

1 Experimental

Three different generations of Ni-based SX superalloys with
their nominal compositions are shown in Table 1. To investigate
the dendritic branching patterns at variable cross-sections in SX
castings, a casting model with one body and four platforms was

designed. Several size parameters used in the model are labeled
in Fig. 1. The platform near the center of the furnace was the
inward platform, while the platform furthest from the center of
the furnace was the outward platform.

The DS experiment was carried out in a Bridgman high-rate
solidification (HRS) industrial vacuum furnace "”. The same
solidification parameters were set for the three SXs during the
whole DS process. Temperatures of holding furnace in the upper
hot-zone and the lower-zone were set as 1,793 K and 1,823 K,

Table 1: Nominal composition (wt%) of Ni-based single crystal superalloys

Alloy Cr Co Mo w
D1 12 9 1.9 3.8
D2 5 10 2 6
D3 B15) 9 1.5 6

Unit: cm

Fig. 1: Schematic diagram and size of castings used in this
work

respectively. After the heat preservation for thermal equilibrium,
the mold was withdrawn at the rate of 3 mm'min™. In order
to observe dendritic branching patterns, specimens at the
same position of four inward platforms were cut by wire
electro discharge machining (EDM) as illustrated in Fig. 1.
All six surfaces of the specimens were ground, polished, and
etched by CuSO,+ HCI + H,O solution for micro analysis. The
arrangement of dendrite array in the six surfaces was observed
by optical microscopy (OM), and the results were combined to
form the stereoscopic images.

In addition, the specimens in the body were cut for

Ta Al Ti Re Ni
<) 3.7 4.14 - Bal.
8.7 5.6 = 3 Bal.
8 6 - 4 Bal.

comparison (Fig. 2). The primary dendrite arm spacing (PDAS)
of specimens at different positions was calculated according to
equation (1):

= (SN o
where A, (um) is the PDAS, § (um?) is the total area of
metallographic photo, and N is the number of dendrites in the
photo. The eutectic volume fraction in different positions was
measured by Image Pro Plus 6.0 software. The element contents
in the body and the platform were measured by electro probe
microanalyzer (EPMA). The liquidus temperatures of the three
SXs were obtained by differential scanning calorimeter (DSC)
experiments with the heating rate of 10 K-min™. The solid-liquid
interface temperatures of the three SXs during DS process were
calculated by Thermo-Cal software. The distribution of the
temperature field was simulated by Pro-CAST software.

2 Results

2.1 Dendritic branching patterns

According to results of the macro analysis, dendritic branching
patterns at variable cross-sections in four platforms with
different heights are the same in a casting. The platform at
the bottom is chosen to demonstrate the dendritic branching
growth. Figure 3 shows the dendritic branching patterns in the
inward and outward platforms of the three SXs. In the outward
platform, the dendritic branching patterns are similar with each
other from the first generation SX D1 to the third generation SX
D3. At the variable cross-section, a series of secondary dendrites
(SDs) develop from the PDs and occupy most of the bottom of
the platform. Then, the ternary dendrites (TDs) originating from
these SDs grow upward to fill up the platform.

However, the dendritic branching patterns in the inward
platforms are different. In the first generation SX D1 and the
second generation SX D2, the bottom of the platform is mostly
occupied by the SDs. In addition, there are also some TDs in the
corner of the bottom of the platform [Fig. 3(a—b)]. In the third
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Fig. 2: Schematic diagram of sampling location in complex
castings

generation SX D3, there are just several SDs at the bottom, and
most of the platform bottom is occupied by the TDs [Fig. 3(c)].
The microstructures of the specimens cut from the inward
platform were analyzed to further demonstrate the dendritic
branching patterns of the three SXs. In SX DI as illustrated in
Fig. 4(a), the dendrites at the bottom of the platform mainly
develop in the form of SDs. Subsequently, TDs developed
from these SDs fill up the whole platform upward, and many
crisscross dendrites are found on the top of the platform, as
shown in Fig. 4(b). In the second generation SX D2, TDs
originating from the SDs at the bottom appear in the corner
of the platform, as illustrated in Fig. 5(a). Then, TDs and
quaternary dendrites (QDs) develop from these SDs and TDs at
the bottom to fill the platform upward, and the corresponding

Fig. 3: Dendrite morphology and partial enlarged detail at platform bottom in single crystal castings of

different generations: (a) D1, (b) D2, (c) D3

(@)

Fig. 4: Dendritic branching patterns in six surfaces in inward platform of D1: (a) view from bottom of

casting; (b) view from top of casting
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crisscross dendrite morphologies are shown in Fig. 5(b).
However, the whole inward platform is still mostly filled up
with TDs upward in the second generation SX D2. In the third
generation SX D3 as shown in Fig. 6(a), several coarse SDs
occur at the bottom, and TDs originating from these SDs occupy
most of the bottom of the platform to restrict the growth of other
SDs. Then, QDs develop from these TDs to fill up the platform
upward, which is consistent with the crisscross dendrites in
Fig. 6(b).

2.2 Solidification characteristic parameters

The PDAS and eutectic volume fraction in the body and
platform at the same height were measured. As shown in
Fig. 7(a), the PDAS gradually decreases both in the body and
platform with the SX generation increasing, and the PDAS in the
platform is smaller than that in the body in the same generation.
As shown in Fig. 7(b), the eutectic volume fraction increases
both in the body and the platform with the SX generation
increasing, and the eutectic volume fraction in the platform is

(a)

<

greater than that in the body in the same generation. EPMA was
used to measure the micro-area composition in the body and
the platform, and the segregation coefficients were calculated
as shown in Table 2. It is found that the elements Ti and Ta with
low melting points tend to segregate to the interdendritic region,
while the elements with high melting points such as Re and W
tend to segregate to the dendrite core. The segregation of the
elements in the platform is more serious than that in the body.

2.3 Distribution of temperature field

Due to the same solidification parameters used in the DS
process of the three SXs, the distributions of temperature field
in the platform are similar with each other as shown in Fig. 8.
It is found that the temperature of melts in the corner of the
inward platform firstly decreases to the solidus temperature,
which causes the melts in the inward platform to always be in an
undercooled condition. Therefore, the temperature in the inward
platform is lower than that in the outward platform.

(b)

1 mm

Fig. 5: Dendritic branching patterns in six surfaces in inward platform of D2: (a) view from bottom of

casting; (b) view from top of casting

(@)

Body

Fig. 6: Dendritic branching patterns in six surfaces in inward platform of D3: (a) view from bottom of

casting; (b) view from top of casting
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Fig. 7: Solidification characteristic parameters for different generations of Ni-based single crystals:
primary dendrite arm spacing (a) and eutectic volume fraction (b) both in body and platform
Table 2: Distribution of elements in dendrite core and interdendritic region and segregation ratio in
Ni-based single crystal superalloys
Alloy Position Cr Co Mo w Ta Al Ti Re
Dendrite core 13.08 10.39 1.56 4.50 2.85 3.49 2.62 -
Body Interdendritic 12.44 9.10 1.82 2.41 4.32 3.71 5.05 -
Segregation ratio 1.05 1.14 0.86 1.87 0.66 0.94 0.52 -
D1
Dendrite core 13.02 10.45 1.58 4.11 2.64 BI58) 2.91 -
Platform Interdendritic 8.12 7.99 1.07 1.26 4.95 2.24 7.50 -
Segregation ratio 1.60 1.31 1.48 3.26 0.53 1.58 0.39 -
Dendrite core 4.60 11.07 1.50 6.84 5.08 5.20 - 3.04
Body Interdendritic 4.86 10.26 1.72 4.72 7.72 5.84 - 1.81
Segregation ratio 0.95 1.08 0.87 1.45 0.66 0.89 - 1.68
D2
Dendrite core 4.75 11.49 1.61 9.06 2.94 4.94 - 4.04
Platform Interdendritic 5.85 12.13 2.00 5.63 5.65 6.75 - 1.79
Segregation ratio 0.81 0.95 0.81 1.61 0.52 0.73 - 2.26
Dendrite core 3.63 10.36 1.35 7.68 5.19 5.25 - 3.94
Body Interdendritic 2.90 8.47 1.22 4.08 9.79 6.74 - 1.54
Segregation ratio 1.25 1.22 1.10 1.88 0.53 0.78 - 2.56
D3
Dendrite core 3.50 10.04 1.38 7.78 4.95 828 - 3.83
Platform Interdendritic 3.09 8.38 1.21 3.3 9.81 7.02 - 0.90
Segregation ratio 1.13 1.20 1.14 2.35 0.50 0.76 - 4.26

2.4 Characteristic temperatures

In the DS process of Ni-based SX superalloys, the castings
solidified with the dendrites putting forward at the solid-liquid
interface. Due to the different melting points of elements, the
dendrite core was formed at first containing more elements with
a high melting point, while the elements with a low melting
point were expelled to the front of the solid-liquid interface,
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and finally solidified to form an interdendritic region *°~*'.

Therefore, the temperature at the solid-liquid interface could be
approximately equal to the melting point of the interdendritic
composition. Based on the interdendritic composition of the
platform as shown in Table 2, the interface temperatures (marked
as T*) of the three SXs were calculated by Thermo-Cal software
and the results are listed in Table 3. In addition, the liquidus
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Fig. 8: Distribution of temperature field in platform in directional solidification process: (a) D1; (b) D2; (c) D3

temperatures of the three SXs measured by DSC experiments
are shown in Fig. 9. It is seen that both the solidus temperatures
and the liquidus temperatures increase with the SX generation
increasing.

Table 3: Characteristic temperatures, undercooling and
dendritic growth velocity in Ni-based single
crystal superalloys.

DSC Thermo-Cal Undercooling Velocity
T.(°C) T (°C) AT (K) (m-s™)
D1 1,345 1,328 17 0.0052
D2 1,411 1,378 B8 0.037
D3 1,416 1,374 42 0.0759
08
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Fig. 9: DSC curves of three Ni-based single crystals with
different generations

3 Discussion

The dendritic branching patterns at variable cross-sections
of castings in the DS process are influenced by both the

temperature field " and the alloy composition .

3.1 Effect of temperature field

In this work, the same solidification condition was set during
the DS process in the three SXs, and the distributions of the
temperature field in the three SXs are similar with each other

(Fig. 8). However, there are several differences at different
positions of the platform. Compared with the outward platform,
the inward platform is far away from the heating elements of
the furnace as illustrated in Fig. 1. Therefore, the temperature in
the inward platform is lower than that in the outward platform,
which is consistent with the simulation results. During the DS
process, the temperature of the liquid metal in the corners of
inward platform firstly decreases to the solidus temperature,
keeping the melts here in a larger undercooling. However, even
in the corner of inward platform, the undercooling still does not
exceed the critical nucleation undercooling, and no stray grains
appear, as shown in Fig. 3. Therefore, there is enough time and
space for the PDs in the body to be introduced into the platform

[7, 23]

by developing high order dendrites , and the complex
dendritic branching patterns are presented **. However, due to
the smaller undercooling in the outward platform of the three
SXs, similar dendritic branching patterns with a series of TDs

appear upright as shown in Fig. 3.

3.2 Effect of alloy composition

It is known that the driving force of dendrite growth is undercooling
in front of the dendrite tip. According to the following
relationship, the undercooling usually consists of four parts:
AT=AT+AT+ AT, +AT, )
where AT, (K) is the curvature undercooling, AT; (K) is the
thermal undercooling, A7-(K) is the constitutional undercooling,
and AT, (K) is the kinetic undercooling. In the case of the
conventional castings, the influence of curvature and attachment
kinetics on undercooling can be ignored . As for the directional
growth of alloys, especially for the directional solidification,
the latent heat is transmitted out from the solidified solid phase
when imposing the positive temperature gradient, and the solute
will be expelled to the front of dendrite tip. In the situation of
the first approximation, the effect of latent heat on dendrite
growth is ignored *”, and only the diffusion of the solute is the
limiting factor. Therefore, the thermal undercooling is ignored,
and only the constitutional undercooling is considered as shown
in equation (3):
AT~ AT, 3)
Many research “°** has been carried out to calculate the
constitutional undercooling. Here, the undercooling AT, is
calculated according to its definition as shown in equation (4):
AT.=T,-T “)
where 7} is the liquidus temperature of alloy melts in theory,
and 7* is the temperature at the solid-liquid interface during
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the DS process. With the SX generation increasing, the levels
of refractory elements (Re, W, Ta) increases, and therefore
the liquidus temperature increases (Fig. 9). In addition, the
temperature at the solid-liquid interface is associated with
the alloy composition in the interdendritic region, which is
connected with the element segregation. Though there are
many elements in the SX superalloy, the effect of Re on the
segregation is the greatest ). Therefore, the temperature at
the solid-liquid interface is mainly affected by Re. To sum up,
the constitutional undercooling is mostly influenced by Re
according to equation (4), which is consistent with previous
studies ®. In fact, in Ni-based SX superalloy, Re is usually
used to distinguish the SX generation. In this work, there is
a great difference of alloy compositions in SX of different
generations. Substituting the variation of alloy compositions
with the variation of SX generation in the following discussion
is more reasonable to some extent.

As shown in Fig. 7, the PDAS decreases and the
eutectic volume fraction increases with the SX generation
increasing both in the body and in the platform. The PDAS
is inversely proportional to the temperature gradient G and
the solidification rate V2% which are both related to the
undercooling of the melts. The eutectic phases containing
many y’ forming elements were produced in the final
solidification stage. The greater the eutectic volume fraction,
the greater the difference between the solidified and the
unsolidified regions. Therefore, the element segregation is
more serious, which further influences the undercooling in
front of the solidification. The effect of undercooling on
dendritic branching patterns in the inward platform will be
discussed in detail in the following.

As shown in Table 3, with the SX generation increasing, the

(a1)

undercoolings in the inward platform of the three SXs are 17,
33 and 42 K, respectively. That is, the undercooling increases
with the SX generation increasing. According to the dynamic
model of dendrite growth, also named Kurz-Giovanola-Trivedi
(KGT) model, the relationship between the growth velocity of
the dendrite tip and the undercooling can be defined as shown
in equation (5)"":

WAT)=a; (AT)+as(AT)’ ®)
where a, and a; are coefficients of dendrite growth, and their
orders of magnitude are both 10° ®. The growth velocity of
dendrite tip in the three SXs is calculated as shown in Table 3.
It is found that, with SX generation increasing, the growth
velocity of dendrite tip increases significantly. Once the
growth velocity exceeds the critical velocity, the corresponding
dendritic branching ability is enhanced, which is beneficial for
the development of high order dendrites. In this situation, the
inward platform is filled up with higher-order dendrites in D3,
and different dendritic branching patterns are shown in SXs of
different generations in Fig. 3.

In the end, the different dendritic branching patterns in
the platform can be summarized as follows. As illustrated in
Fig. 10 (al)—(a2), when meeting with the platform, the SDs
originate from the PDs in the body, occupying the bottom
of the platform. Afterwards, a series of TDs branching from
these SDs grow upright to fill the platform, which is the basic
dendritic branching patterns in Ni-based SXs, named Pattern
One. In this work, Pattern One is the dendritic branching pattern
observed in the outward platforms of D1, D2 and D3. Another
case is illustrated in Fig. 10 (b1)—(b2). The TDs will further
branch from the SDs at the bottom, and most of the bottom in
the platform is occupied by these TDs. Afterwards, new higher-

(a2)

Fig. 10: Schematic diagram of different dendritic branching patterns in platforms: (a1-a2)

Pattern One (b1-b2) Pattern Two
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order dendrites developing from the TDs grow upright to fill the
platform, which tends to occur in the higher generation SXs,
named Pattern Two. This is the phenomenon observed in the
inward platform of D3.

4 Conclusions

In this work, the dendritic branching patterns at variable
cross-sections of three different generations of Ni-based SX
superalloys: D1, D2, and D3, were investigated. According to
the results, the following conclusions can be drawn:

(1) In the outward platform, the undercooling is smaller.
The dendritic branching patterns are similar with each other
from the first generation SX D1 to the third generation SX
D3. The PDs are introduced into the platform by developing
a series of SDs to occupy most of the bottom of the platform,
and TDs originating from these SDs grow upward to fill up the
platform.

(2) In the inward platform, the undercooling is greater.
Due to the high levels of alloying elements and the serious
segregation of compositions during DS process, the
undercooling of melts increases with SX generation increasing,
which leads to the significant increase of the growth velocity of
dendrite tip, and the ability of dendrite branching is enhanced,
which is beneficial for high order dendrite development.
Consequently, in the third generation SX D3, the platform is
filled up with the higher-order dendrites upward.
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