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The influence of elevated withdrawal rate on the microstructure and segregation behavior of Ni-base
single-crystal superalloys containing Re and Ru is investigated. The experimental superalloys are pro-
cessed under a high thermal gradient of approximately 250 K/cm and withdrawal rates between 10
and 500 wm/s. With increasing withdrawal rate, the dendritic structures and -y’ precipitates in as-cast

microstructures are apparently refined. Electron-probe microanalyzer (EPMA) results indicate that the
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degree of segregation for the constituent elements (e.g. Al, Ta, W, Re etc.) increases initially and then
decreases with increasing withdrawal rate. In addition, the Re and Ru additions obviously increase the
amounts of y—vy’ eutectic and the tendency of segregation for Al and Ta.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Due to the excellent high temperature mechanical and ther-
mal properties, Ni-base single-crystal superalloys have been widely
used for manufacturing the turbine blades for aero-engines and
industry gas turbine (IGT) [1-3]. To improve the high tempera-
ture performance, the total amount of refractory elements addition
in modern Ni-base superalloys is gradually increased. However,
the addition of refractory elements (i.e. Re and W) also leads to
many problems, such as: (1) severe segregation [4,5]; (2) increasing
tendency of grain defects formation [6]; (3) complicated solu-
tion heat treatments [7]; (4) increasing tendency of detrimental
topologically-closed-packed (TCP) phases formation [8]. To over-
come above-mentioned problems, approximately 2-6 wt.% Ru has
been added to the newly developed single-crystal superalloys.

Nowadays, the “high rate solidification (HRS)” technique is the
prevalent manufacturing process for turbine blades. Unfortunately,
because of its relative low thermal gradient (<100 K/cm), the with-
drawal rate must be ranged from 3 to 6 mm/min to prevent the
formation of equiaxed grains. In addition, HRS technique is diffi-
cult to be used for casting the complicated large IGT blades for
numerous problems relating to low growth rate and casting defects.
It has been proved to be an efficient way to suppress the grain
defects formation by increasing the thermal gradient during direc-
tional solidification. Therefore, many new technologies, such as
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gas cooling casting (GCC) [9], fluidized-bed quenching (FBQ) [10],
and liquid metal cooling (LMC) [11,12] processes have been devel-
oped to increase the thermal gradient during solidification. The
thermal gradient of LMC process is 2-4 times greater than that
of HRS method, which results in the reduction of dendrite arm
spacing and segregation of alloying elements. However, still few
researches focus on the microstructure of Re- and Ru-containing
single-crystal superalloys under high thermal gradient directional
solidification.

In this investigation, four single-crystal superalloys with varied
contents of Re and Ru are prepared. The influence of elevated with-
drawal rate on the segregation ratios of the constituent elements
is investigated. The corresponding as-cast microstructures under
high thermal gradient directional solidification are also discussed.

2. Materials and experimental procedures

The chemical compositions of the experimental alloys used in this investigation
are presented in Table 1. The increasing contents of Re and Ru are added at the
expense of Ni, but other constituent elements almost keep constant. Due to the
limited content of Hf, its effects can be neglected in this investigation.

Single-crystal bars (4mm in diameter and 70 mm in length) were produced
with the bottom-seeding technique by using a modified directional solidification
apparatus described elsewhere [13]. A high thermal gradient is obtained in this
research, which can be attributed to the introductions of dual resistance heating
zones melting, carefully designed heat baffles and low melting coolant (Ga-In-Sn
liquid metals). The temperature gradient was measured by W/Re thermocouples
that were placed near the outside surface of the alumina crucible. One of the ther-
mocouples was placed about 10 mm from the bottom of the sample, where it was
close to the solid-liquid interface. The other thermocouple was placed approxi-
mately 20 mm from the bottom of the sample. The temperature gradient close to
the liquid/solid interface was measured to be approximately 250 K/cm.
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Table 1
Compositions of the experimental single crystal alloys used in this investigation (wt.%).

Alloys Cr Co Mo w Al Ta Hf Re Ru Ni

A 3.01 11.6 1.02 5.90 6.11 7.73 0.04 3.16 - Bal.

B 3.18 121 1.01 5.95 6.05 7.95 0.08 4.00 - Bal.

C 2.99 11.8 1.03 5.85 6.08 7.79 0.09 6.04 - Bal.

D 293 11.7 1.03 6.01 5.98 7.84 0.06 6.20 3.03 Bal

Standard metallographic techniques were employed for the preparation of spec-
imens. To reveal the microstructure, specimens were etched with a solution of HNO3
(3ml) - HF (6 ml) - C3HgO3 (9 ml). The microstructure was observed with an opti-
cal microscopy (OM, Leica DM-4000 M) and a scanning electron microscopy (SEM,
JEOL JSM-6040). The primary dendrite arm spacing (A1) was calculated by the area
counting method on the transverse sections with the equation A; = (A/N)%>, where A
was the area of the region selected, N was the average number of primary dendrites
in the area A. At least 30 regions in 3 specimens were measured for the data N. The
secondary dendrite arm spacing (A2) was measured by SISC IASV8.0 analysis soft-
ware in the longitudinal sections. At least 30 readings were taken for each sample
and the value of A, was their mean value.

To calculate the phase area fractions for the as-cast microstructure, the
low-magnification SEM images were used in this investigation. The proce-
dures for analyzing image were as follows: (1) adjusting the brightness and
the contrast settings to clearly delineate the eutectic and dendritic regions;

(2) setting the black and white threshold with the digital image analysis soft-
ware SISC IAS V8.0; (3) distinguishing the phases with software; (4) manually
filling the eutectic regions with color and calculating the phase fractions. At
least 10 images under the same magnification were measured for each sam-
ple.

In order to study the segregation behavior of constituent elements, quantitative
composition measurements were carried out on the as-cast specimen in as-polished
condition using electro microprobe analyzer (EPMA) JXA-8100 equipped with wave-
length dispersive X-ray spectroscopy (WDX). The instrument was operated at an
accelerating voltage of 20kV, a beam current of 100 nA and a spot size of 1 wm. At
least 20 WDX point-scans were performed on the representative area for each alloy,
10 points within the dendrite core regions and 10 points within the interdendritic
regions. Meanwhile, to qualitatively characterize the segregation behaviors of alloy-
ing elements, the energy dispersive spectrometer (EDX) area-scans were performed
on the representative regions for the experimental alloys.

Fig. 1. Cross-sectional as-cast microstructures of alloy D at various withdrawal rates. (a) V=10 pum/s; (b) V=50 wm/s; (c) V=100 pum/s; (d) V=200 wm/s; (e) V=300 pum/s;

(f) V=500 wm/s
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Fig. 2. Primary dendrite arm spacing (1) and secondary dendrite arm spacing (A;)
of alloy D at various withdrawal rates.

3. Results and discussion
3.1. Effects of withdrawal rate on the dendritic structures

Fig. 1 shows the transverse cross sections of the unidirectional
solidified alloy D at different withdrawal rates: 10, 50, 100, 200, 300
and 500 pm/s. The typical dendritic structures with y-y’ eutectic
in the interdendritic regions were obtained. With increasing with-
drawal rates, the morphologies of as-cast microstructures change
from cellular-dendrite (Fig. 1(a)) to coarse-dendrite (Fig. 1(b) and
(c))and then to fine-dendrite (Fig. 1(d)-(f)). The quantitative results
of the primary dendrite arm spacing (A1) and secondary dendrite
arm spacing (XA, ) are shown in Fig. 2. As well known, the value of
M1 is a function of withdrawal rate (V) and thermal gradient (G)
[14-16], as originally proposed by Hunt [17]:

A o G1/2y-1/4 (1)

With increasing withdrawal rate, the dendritic structure is sig-
nificantly refined. In our experiment, the value of A, is only about
50 pwm at the condition of G=250 K/cm and V=500 p.m/s. Moreover,
the value of A, is related with the cooling rate (G x V) [14]:

Ao o (G x V)13 )

With increasing withdrawal rates up to 500 wm/s, the cooling
rate increases to about 12.5K/s, and the corresponding value of A,
is only about 8 wm.

_—-..

growth direction

Fig. 3(a) shows the longitudinal cross sections of the (001)
orientated seed, which is produced with the HRS technique at
the condition of V=100 wm/s and G=50K/cm. Fig. 3(b) shows the
quenched solid-liquid interface of alloy D at the same withdrawal
rate in this research. Compared with the microstructure produced
with HRS technique, the dendritic structure is significantly refined
with high thermal gradient LMC technique. The A of alloy D is
approximately 60 wm, which is one-sixth of the A; (~370 pum) of
the seed. The A, is far away from the threshold (1; about 320 pm)
for freckle chains formation in the third generation single crys-
tal SX-1 [6]. Therefore, it is an efficient way to suppress the grain
defects formation with high thermal gradient LMC technique.

3.2. Effects of withdrawal rate on the y-y’ eutectic

The representative y—y’ eutectics of alloy D at different with-
drawal rates are provided in Fig. 4. At the low withdrawal rate of
10 pm/s, the large blocky (region A) or rosette-like (region B) eutec-
tic are obtained in the interdendritic regions, as shown in Fig. 4(a).
The results of EDS area scans indicate that the blocky and rosette-
like eutectic pools have the similar compositions (Table 2). The Al
and Ta preferentially partition to the y-vy' eutectic, whereas Re,
W, Co and Ru preferentially partition to the dendrite regions. With
increasing withdrawal rate, the morphologies of eutectic gradually
change from isolated blocky or rosette-like structures (Fig. 4(a)) to
continuous strip-like structures (Fig. 4(b) and (c)). In addition, the
size of eutectic significantly decreases with increasing withdrawal
rate.

The eutectic fractions in as-cast alloys A, B, C and D at different
withdrawal rates are calculated by the digital analysis software SISC
IAS V8.0. The results of eutectic fractions are shown in Fig. 5. It indi-
cates that the eutectic fractions increase initially and then decrease
with elevated withdrawal rates. The maximum amount of eutec-
tic is presented at the withdrawal rate of 100 wmy/s (Fig. 1(c)). The
reduced amount of eutectic can be detected at the lowest with-
drawal rate of 10 wm/s (Fig. 1(a)) or the highest withdrawal rate
of 500 pm/s (Fig. 1(f)). The y—v’ eutectic forms at the last stage
of solidification due to the strong segregation of Al and Ta to the
interdendritic regions. Therefore, the degree of segregation can
be ranked by eutectic fractions in the as-cast microstructures. It
suggests that the degree of segregation for the alloying elements
increases initially and then decreases with increasing withdrawal
rate.

3.3. Effects of withdrawal rate on the y’ precipitates

As-cast microstructure of Ni-base superalloys consists of two
basic phases: the 'y matrix (disordered fcc structure) and strength-

Fig.3. (a) Theincipient melting interface of the (0 0 1) oriented seed, which is produced by HRS method at the withdrawal rate of 100 um/s and thermal gradient approximately
50 K/cm. (b) Quenched solid-liquid interface of alloy D, which is produced by LMC technique at the withdrawal rate of 100 wm/s and high thermal gradient approximately

of 250 K/cm.
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Fig. 4. SEM images of the y-+y' eutectic in the interdendritic regions of alloy D at various withdrawal rates. (a) 10 wm/s; (b) 100 pwm/s; (c) 500 wm/s.

Table 2
Compositions (in wt.%) of y—v’ eutectic on the regions A and B (as shown in Fig. 4(a)) by using the energy-dispersive spectrometry (EDS) analysis.
Element
Al Cr Co Mo Ru Ta w Re
Region A 6.35 2.98 10.50 1.12 2.67 12.14 5.50 4.02
Region B 6.11 279 10.80 1.04 2.95 12.52 5.13 413
Alloy D 5.98 2.93 11.70 1.03 3.03 7.84 6.01 6.20
10 ing force for the nucleation of y' precipitates is proportional to the
Ezz2 Alloy A lingd AT)and th turation d AQ).Th
{ Allov B supercooling ggree( )and the supersaturation egree (AC). The
A“c’y p increasing cooling rates lead to the growing degree of supercooling,
8r oy and thus promote the nucleation of y’ precipitates. Meanwhile, the
—JAlloy D
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Fig. 5. Volume fraction of the y-+y’ eutectic in the as-cast microstructures of alloys
A, B, C and D with various withdrawal rates.

ening vy’ phase (L1, structure). During the cooling processing,
v’ phase coherently precipitates from the supersaturated -y-solid
solution [18]. Fig. 6 shows the typical two-phases /v microstruc-
tures of alloy D in the dendrite core (Fig. 6(a) and (c)) and
interdendritic region (Fig. 6(b) and (d)). As well known, the driv-

increasing cooling rates reduce the time for the growth of y’ precip-
itates. Therefore, the greatly refined ' precipitates can be detected
at high withdrawal rate. When the withdrawal rate increases form
10 pm/s to 500 wmy/s, the average size of v’ precipitates in dendrite
cores reduces from 0.23 wm to only about 0.03 pwm. In addition, due
to the segregation of v’ forming elements (Al and Ta) to interden-
driticregions, the size of y’ precipitates in the interdendritic regions
is much larger than that in the dendrite cores.

3.4. Effects of withdrawal rate on the segregation ratios

The dendrite segregation of the constituent elements in Ni-base
single-crystal alloys are characterized by the segregation ratios, k’,
as given by

Cpc
K =— 3)
Cp
where Cp is the average concentration of the constituent element
in the dendritic core, Cjp is that in the interdendritic region. k' =1
indicates the homogeneously distributions of the constituent ele-
ment. The segregation ratios greater or less than unity indicate
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Fig. 6. SEM images of the v’ phase in the dendrite core and interdendritic region of alloy D at different withdrawal rates. (a) Dendrite core, 10 wm/s; (b) Interdendritic region,

10 wm/s; (c) Dendrite core, 500 wm/s; (d) Interdendritic region, 500 pm/s.

that the corresponding element is partitioning preferentially to
the dendrite core or interdendritic regions during solidification,
respectively. The value of k' far away from unity indicates the more
severe segregation.

The average EPMA compositions of dendrite cores and interden-
dritic regions for alloys A, B, C and D are recorded in Table 3. It can
be clearly seen that Ta and Al strongly segregate to the interden-
dritic regions (k' < 1), whereas Re and W preferentially partition to
the dendrite regions (k' > 1). The Co, Cr and Ru weakly segregate to
the dendrite regions (k' slightly greater than 1).

The segregation ratios for the representative constituent ele-
ments (Re, W, Al and Ta) are plotted as a function of the withdrawal
rate (Fig. 7). It is found that the values of kp, and k{, increase ini-
tially and then decrease with increasing withdrawal rates (Fig. 7(a)
and (b)). However, the values of kr, and kj, decrease initially and
then increase with increasing withdrawal rates (Fig. 7(c) and (d)).
Therefore, the degree of segregation increases initially and then
decreases with increasing withdrawal rate.

The influences of elevated withdrawal rate on the segregation
behavior for the constituent elements can be greatly attributed to
the homogeneous back-diffusion in the solidified solid. For solid
back-diffusion, two factors need to be considered: the diffusion
time (AT/GV) and the diffusion distance (approximately equal to
X1/2). At low withdrawal rate, the reduction in homogenous diffu-
sion time plays the leading role, resulting in the increased degree
of segregation. However, at higher withdrawal rates, the diffusion
distance (A1/2) reduces significantly due to the greatly refined den-
dritic structures under high thermal gradient. The reduction of
diffusion distance is the predominant factor to decrease the degree
of segregation. Therefore, the degree of segregation for the con-
stituent elements, particularly for Re, W, Ta and Al, increase initially
and then decrease with increasing withdrawal rates.

As mentioned previously, Wilson et al. reported that increasing
withdrawal rate leads to the more severe segregation of Ti, Ta and
Re for the commercial superalloy CMSX-10[19]. However, it should

be noted that the investigation considered a relative low thermal
gradient of approximately 15-20K/cm. In this investigation, the
dendritic structures are significantly refined under a high ther-
mal gradient of approximately 250 K/cm. The obviously reduced
segregation can be detected when withdrawal rate greater than
100 pwm/s. The segregation of Re and W are difficult to be eliminated
even by the complicated solution heat treatments [7,20]. Therefore,
the greatly refined dendritic structures with low degree of segre-
gation are beneficial for reducing the time for heat treatments and
improving the mechanical properties.

3.5. Effects of Re and Ru on the segregation ratios

The segregation ratios of the constituent elements (e.g. Al, Ta, W,
Re etc.) for alloys A, B, C and D at the withdrawal rate of 100 wm/s
are shown in Table 3. The compositions of alloys A and C mainly vary
in Re content. As the Re content is increased, the k’ for Al and Ta
decrease, indicating the degree of segregation for Al and Ta increase
with Re addition. Compared with the k' of Re and W for alloys A
(3wt.% Re) and C (6 wt.% Re), it is found that Re additions increase
the tendency of segregation for Re and W.

Alloys C and D have the similar contents of Re, but alloy D has
additional Ru (3 wt.%). With increasing Ru addition, the tendency
for Al and Ta segregation to interdendritic region increases. Com-
pared with the k’ of Re and W for alloys C and D, it is found that
the Ru decrease the degree of segregation for Re and W to the den-
drite core. However, the segregation ratios of Re are also influenced
by elevated withdrawal rate. As shown in Fig. 7(a), the k’ of Re for
alloys C and D are close to each other, and change in a similar fash-
ion with withdrawal rate, indicating the Ru has slight influences on
the segregation behavior of Re.

Fig. 8 shows the transverse cross sections of the experimental
alloys A, B, Cand D at the withdrawal rate of 10 pm/s, respectively.
Quantitative results of the eutectic volume fraction have been pro-
vided in Fig. 5. From the results of alloys A, B, C and D, as the level
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Table 3
Average EPMA compositions (wt.%) of the dendrite core and interdendritic regions, with corresponding segregation ratios, k', for alloys A, B, C and D at the withdrawal rate
of 100 pm/s.
Alloy-region Al Ta Cr w Co Re Ru
A
Dendrite core 4.66 4.96 3.06 8.52 13.54 3.65
Interdendritic region 6.12 9.69 2.93 4.24 11.93 1.26
B
Dendrite core 5.43 4.62 3.12 8.39 13.72 6.99
Interdendritic region 7.13 9.24 2.83 4.35 12.12 3.03
C
Dendrite core 5.40 4.70 3.01 8.37 13.48 7.10
Interdendritic region 7.54 9.93 2.64 3.97 11.42 2.22
D
Dendrite core 5.23 3.56 3.08 8.53 12.92 8.82 3.04
Interdendritic region 7.57 8.03 2.68 431 11.47 2.86 2.96
Segregation ratios
A 0.76 0.51 1.04 2.01 1.13 2.90
B 0.76 0.50 1.10 1.93 1.13 2.31
C 0.72 0.47 1.14 2.21 1.18 3.20
D 0.69 0.44 1.15 1.98 1.13 3.08 1.03

of Re and Ru is increased, the eutectic phase fraction rises signifi-
cantly. The maximum fraction of eutectic can be detected in alloy
D, which has the highest contents of Re and Ru, indicating the Re
and Ru increase the segregation of Al and Ta.

4. Conclusions

Four Ni-base single-crystal alloys with varied contents of Re
and Ru are investigated with the high thermal gradient directional
solidification technique. The following conclusions can be drawn
from this work:

(1) Under high thermal gradient, the dendritic structures are
significantly refined with increasing withdrawal rates. The cor-
responding primary dendritic arm spacing reduces to only
about 45 pm at the withdrawal rate of 500 pm/s. In addition,
the v’ precipitates are greatly refined with the elevated with-
drawal rates.

(2) The degree of segregation for the constituent elements (e.g. Al,
Ta, W and Re) increases initially and then apparently decreases
with increasing withdrawal rates. The reduced segregation at
high withdrawal rate can be greatly attributed to the refined
dendritic structures.

(3) The Re and Ru additions increase the eutectic fractions and the
degree of segregation for Al and Ta. The Ru slightly segregates
to the dendrite region. The addition of Ru does not have obvious
influence on the segregation of Re.
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