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Abstract: The effects of Ta on the solidification microstructure of the Re-containing hot corrosion resistant Ni-base single crystal were in-
vestigated. Results showed that Ta addition significantly modified the solidification behavior and further influenced the as-cast microstruc-
ture. Ta addition changed the solidification characteristic temperatures and decreased the segregation of refractory elements (Re and W) as
well as increased the solidification temperature range from 39.0 to 61.8°C as Ta addition increased from 2wt% to 8wt%. The integration of
these two factors increased the primary dendrite arm spacing and changed the morphology and size of ¥ precipitates. With increasing Ta ad-
dition from 2wt% to 8wt%, the size of Y precipitates in the dendrite core increased substantially from 0.24 to 0.40 wm, whereas the Y preci-
pitates in the interdendritic region decreased slightly from 0.56 to 0.47 um. This paper then discussed the mechanism of these “Ta effects”.
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1. Introduction

Hot corrosion resistant single crystal (SX) superalloys are
critical engineering materials of hot-section components in
industrial gas turbines (IGTs) that operate in hot corrosion
environment and under complex loading at high temperature
for long time. As the inlet temperature of IGTs continues to
rise, the high-temperature capabilities of hot corrosion resis-
tant single-crystal turbine blades should be improved [1-2].
As per the development experience of superalloys for
aero-engines, optimizing the composition of alloys by adding
refractory elements (Re, W, Mo, and Ta) would be useful
and effective to improve the high-temperature strength of
alloys for IGTs [3-5]. However, considering the harsh hot
corrosive in-service environment where IGT blades operate,
scholars must explore a feasible refractory element that may
not only improve the high-temperature strength but also im-
prove or not deteriorate at least the hot corrosion resistance
of the alloy.

Among refractory elements, W and Mo exhibit a detri-
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mental effect on hot corrosion resistance by inducing acidic
fluxing and accelerating corrosion [2,6]. Re and Ta signifi-
cantly improve the high-temperature strength and hot corro-
sion resistance of alloy [6-9] and may be the best choice for
hot corrosion alloys to obtain higher temperature capabili-
ties. Given the large size of IGT blades, adding Re is diffi-
cult to implement under commercial condition. Furthermore,
microstructure stability may be damaged upon Re addition
during service because it facilitates the formation of Re-rich
topologically close-packed (TCP) phases, especially in
high-Cr hot corrosion resistant superalloys [10]. Conse-
quently, a feasible alloying approach, i.e., adding Ta to
low-Re or Re-free alloy, may effectively improve the
high-temperature capabilities of hot corrosion resistant
Ni-based superalloys.

Any composition design approach must make use of
suitable composition—microstructure—property relationships.
An in-depth understanding of how adding Ta influences so-
lidification behavior and as-cast microstructure is important
and critical to the development of hot corrosion resistant

@ Springer

© University of Science and Technology Beijing and Springer-Verlag GmbH Germany, part of Springer Nature 2019



902

Ni-based superalloys with high Cr content. As a strong
v -forming element, Ta can significantly modify the solidifi-
cation characteristics of Ni-based superalloys [11]. With in-
creasing Ta content, the ¥ volume fraction increases [9,12-13].
Furthermore, adding Ta tends to lower the /Y lattice misfit
and leads to an evolution in the morphology of ¥ precipi-
tates [14—15]. Nevertheless, apart from these well-known
“Ta-effects,” controversies remain regarding the role of Ta
in solidification characteristics, particularly in dendrite arm
spacing and Y precipitates size, because Ta appears to en-
large or reduce the freezing temperature range depending on
the specific SX superalloys. Gao et al. [16—17] reported that
the as-cast dendrite arm spacing was approximately equal
among all Ta-doped IN716 alloys given the lack of obvious
change in solidification characteristic temperatures and
freezing temperature. By contrast, Han [18] revealed that
with increasing Ta content, the primary and secondary den-
drite spacing increased in the as-cast directionally solidified
Ni-based superalloy; nevertheless, the specific mechanism
was unclear. In general, Ta addition inhibited the coagula-
tion of ¥ phase and helped refine the ¥ phase [9,19]. How-
ever, several experimental results indicated that with in-
creasing Ta content, the size of Y in dendrite increased;
meanwhile, the size of ¥ in the interdendritic region had va-
riable sizes and morphologies, with some ' apparently larg-
er or smaller than the others. Thus far, the mechanism of
how Ta affects the ¥ phase remains unknown [18,20].

Few studies have focused on the effects of Ta addition on
solidification behavior and microstructure, particularly in
high Cr and Re-containing hot corrosion resistant Ni-based
SX superalloys; in this regard, a systematic study of “Ta ef-
fects” should be conducted. In the present paper, the effect
of Ta addition on the solidification behavior and micro-
structure of a hot corrosion resistant 2Rel0Cr model
Ni-based SX superalloy was systematically investigated.
Results, including solidification characteristic temperatures,
as-cast microstructure analysis, and constituent element se-
gregation, can be helpful for understanding and elucidating
the mechanism of how Ta addition affects solidification mi-
crostructure. This work provides theoretical basis for devel-
oping hot corrosion resistant alloys.

2. Experimental

2.1. Materials and specimen preparation

Three alloys doped with 2.0wt%, 5.0wt%, and 8.0wt% Ta
were designed to study the influence of Ta on the solidifica-
tion behavior and microstructure of Re-containing hot cor-
rosion Ni-based SX superalloys. The compositions of the
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alloys are shown in the Table 1. Each alloy was named after
its concentrations of Ta, i.e., 2Ta, 5Ta, and 8Ta. SX rods
were fabricated using high-rate solidification (HRS) method
at a withdrawal rate of 3 mm/min. All SX rods of experi-
mental alloys were measured in diameter of 16 mm and in
the length of 220 mm.

Table 1. Nominal compositions of experimental alloys wt%

Alloys AH+Ti Cr Co Mo W C Re Ta Ni
2Ta 75 95 8 05 45 004 2 2 Bal
5Ta 75 95 8 05 45 004 2 5 Bal
8Ta 75 95 8 05 45 004 2 8 Bal

All of the as-cast specimens were sectioned at approx-
imately 10 mm above the starter block to ensure the consis-
tency and accuracy of the results. Samples were prepared
using the standard metallographic procedures of grinding
followed by mechanically polishing. Only the specimens for
microstructure analysis were electrochemically etched
(etching solution: 30 mL of HCI, 10 mL of HNO;, 40 mL of
C;H,OH; applied voltage: 10 V; time: 10 s), and the other
specimens were in the as-polished state.

2.2. Differential thermal analysis

The effects of Ta addition on solidification characteristic
temperatures were investigated using differential scanning
calorimetry (DSC, NETZSCH 404C). DSC experiments
were performed in high-purity alumina crucibles, which
were heated first from 1100 to 1450°C at 10°C/min under
the protection of argon atmosphere and then cooled to
1100°C at the same rate. Solidification characteristic tem-
peratures were determined by plotting the DSC signal
(W-mg ") against temperature (°C). Despite that the transi-
tion temperatures characterized by the cooling curves de-
crease because of supercooling [21], the precipitate temper-
ature of Y and eutectic temperature is more sensitive and
easier to character in the cooling curves. Hence, the deriva-
tives of the DSC heating and cooling curves were chosen to
characterize the solidus and liquidus temperatures in the
heating curves and reveal the influence of Ta content on
characteristic temperatures. The temperature at the maxi-
mum of ¥ precipitation reactions, 7y, was determined by the
small exothermic peak in the cooling curves.

2.3. Microstructure analysis and characterization

Microstructural analysis of the as-cast specimens was
conducted using optical microscope (OM, Zeiss Axiovert
200 MAT) and field-emission scanning electron microscope
(SEM, Zeiss Supra 35). At least five OM fields for each
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sample were chosen to characterize the average primary
dendrite arm spacing (PDAS, A;) of the solidification mi-
crostructure, which can be expressed as

A=1/IN (1)
where N is the number of dendrites per unit (um?) [22].
Considering the irregular Y morphology of the as-cast sam-
ples, the shape of individual Y’ was regarded as spherical to
ensure consistency [23]. The average sizes of ¥ precipitates
(d) were determined by calculating the mean diameter of
more than 200 Y precipitates. The volume fraction of ¥ and
eutectic phases (f) were determined using an American Na-
tional Standard: Standard Test Methods for Determining
Volume Fraction by Systematic Manual Point Count (No.
ASTM E562-2011). The detailed measurement process is as
follows. The SEM photos for y precipitates were first
processed in Adobe Photoshop CS6 to draw grids with size
approximately twice as large as that of the yphase. The per-
centage of the points on the phases of interest, i.e., ¥ or eu-
tectic phases, was determined as volume fraction.

2.4. Electron microprobe analysis

The element segregation of the as-cast alloys was cha-
racterized using electron microprobe analysis (EPMA,
JEOL JXA-8230) with wavelength dispersive spectrometers
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(WDS, acceleration voltage: 20 kV; beam current:10 nA) to
investigate the effect of Ta addition on solidification beha-
vior. The segregation behavior of the constituent elements in
the experimental alloys was characterized. Five different
positions in each alloy were chosen to quantitatively deter-
mine mean dendritic (Cy) and interdendritic composition
(Ci). The segregation ratio (k) of individual elements was

then calculated as follows:

3. Results

3.1. Differential scanning calorimetry analysis

The comparisons between the heating and cooling curves
of 5Ta2Re alloy are shown in Fig. 1(a). The specific liqui-
dus temperature (71) and the solidus temperature (7s) in the
cooling curves decreased by approximately 15°C and 25°C,
respectively, compared with those in the heating curves due
to supercooling. Fig. 1(b) shows that the Y phase peak pre-
cipitation temperature (7y) increased substantially with in-
creasing Ta content, thereby indicating improved stability of
vy phases. By contrast, the liquidus and solidus temperatures
decreased with increasing Ta content, as shown in Fig. 1(c).
Furthermore, compared with the liquidus temperature (77),
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Fig. 1. Differential scanning calorimetry curves of
alloys with different Ta contents: (a) DSC curves of
5Ta alloy at the heating/cooling rates of 10°C/min;
(b) DSC cooling curves of the three experimental
alloys; (¢) DSC heating curves of the three experi-
mental alloys.
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the solidus temperature (7s) decreased more seriously and
resulted in a larger solidification temperature range (A7 = T,
— Ts) in alloys with increasing Ta content. The specific
values are listed in Table 2. The solidification temperature
range increased from 39.0°C (2Ta) to 45.8°C (5Ta) and then
finally increased to 61.8°C (8Ta).

3.2. Effect of Ta on the as-cast microstructure

Fig. 2 depicts the typical transverse sections showing the
“crossing” dendrite morphology of the as-cast microstruc-
ture in the experimental alloys. The volume fraction of /Y
eutectic phases (white area in Fig. 2) increased remarkably
with Ta content. Additionally, the PDAS of the alloys in-
creased by approximately 20 and 40 um, respectively, when
the Ta content was increased by per 3wt% within a range of
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2wt%—8wt% (Table 3). Hence, this effect was more obvious
in alloys containing high levels of Ta.

Fig. 3 shows the typical SEM micrographs of the three
as-cast experimental alloys. Every four Y phases were tied
up and exhibited a flower-like morphology. With increasing
Ta content, the morphology of the individual Y phase grad-
ually evolved from the initial near-spherical shape to cu-
boidal shape and the volume fraction of Y precipitates

Table 2. Solidification characteristic temperatures of alloys

measured by DSC °C
Alloys Ts L Ty AT
2Ta 1356.2 1395.2 1156.9 39.0
5Ta 1334.4 1380.2 1191.8 458
8Ta 1301.8 1363.6 1195.7 61.8

Table 3. Microstructure characteristics of as-cast alloys with different Ta contents

Y in dendritic core

Y in interdendritic region

Alloys A/ um
d/pum 1% d/um 1%
2Ta 307.47 (27.77) 0.241 42.74 (£2.03) 0.558 51.08 (+1.33)
5Ta 334.46 (£10.03) 0.316 49.40 (£1.96) 0.505 54.36 (£2.87)
8Ta 374.18 (£11.81) 0.397 54.78 (£2.47) 0.474 61.76 (£1.57)

alloys in the interdendritic region.
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increased. The size of Y precipitates in the interdendritic re-
gion was larger than that in the dendrite cores. Ta addition
exhibited opposite effects on the size change of the Y preci-
pitates in different regions. With increasing Ta content, the
size of ¥ precipitates in the dendrite core increased substan-
tially, whereas that of ' precipitates in the interdendritic re-
gion slightly decreased, leading to an increase in the homo-
geneity of Y precipitations in the whole dendrite structure.

3.3. Solidification segregation characteristics

Fig. 4 shows the segregation ratios (k) of alloying ele-
ments in the three alloy samples between the dendrite core
and the interdendritic region in relation to the segregation
degree during solidification. The values of segregation ratios
(k), ones that are closer to 1, indicate a less pronounced se-
gregation degree of these constituents during solidification.
As shown in the Fig. 4, W and Re were strongly segregated
to the dendrite cores in the three alloys, whereas Ta, Ti, and
Al were obviously segregated to the interdendritic region.
Further comparison in the & of the constituent alloying ele-
ments in alloys with different Ta contents, the & values of W,
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Re, Ti, and Ta were all closer to unity and then revealed the
segregation of them gradually weakened upon Ta addition.
The detailed measured values are listed in Table 4. The se-
gregation ratios (k) of W and Re decreased from 3.04 (2Ta)
to 1.55 (8Ta) and from 3.98 (2Ta) to 1.77 (8Ta), respective-

ly.
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Fig. 4. Segregation ratio & of alloying elements in the three
as-cast alloys between the dendrite core and the interdendritic
region.

Table 4. Compositions of different regions in the three as-cast alloys measured by EPMA

Alloys Regions Al Co w Cr Mo Ti Ta Re Ni

Dendrite core (Cyq/ wt%) 4.08 8.59 5.50 9.53 0.41 1.56 1.23 3.43 65.09

2Ta Interdendritic (Ciq / wt%) 4.73 7.6 1.81 9.79 0.47 4.04 2.32 0.86 67.99
k (Cy/Cig) 0.86 1.13 3.04 0.97 0.87 0.39 0.53 3.99 0.96

Dendrite core (Cy / wt%) 4.10 8.59 548 9.38 0.45 1.73 3.23 3.46 63.17

5Ta Interdendritic (Ciq / wt%) 5.08 7.39 2.25 8.41 0.44 4.27 5.39 1.02 65.53
k (Cy/Cig) 0.81 1.16 2.44 1.12 1.02 0.40 0.60 3.39 0.96

Dendrite core (Cy / wt%) 441 8.35 4.76 9.72 0.42 1.71 5.53 3.04 60.61

8Ta Interdendritic (Ciq / wt%) 4.89 7.66 3.07 9.82 0.47 3.13 7.79 1.71 60.57
k(Cy/Cig) 0.90 1.09 1.55 0.99 0.89 0.55 0.71 1.78 1.00

4. Discussion

The experimental results provide clear evidence that Ta
content significantly affects the solidification behavior and
microstructure of Re-containing hot corrosion resistant
Ni-based superalloys. The effect of Ta content on (i) PDAS
and (ii) the size and shape evolution of Y precipitates was
also determined. According to the Hunt model [24], PDAS
(A1) can be expressed as Eq. (3).

2.83(kyATDI)"*
A= yVaGI2 ®)
where k is the equilibrium distribution coefficient, D is the
diffusion coefficient in the liquid, /"is the Gibbs—Thomson
coefficient, V' is the growth velocity, G is the temperature

gradient, and AT is the solidification temperature range. In
the present investigation, the PDAS (4;) increased with so-
lidification temperature range. The decrease in the solidus
temperature was sharper than that in the liquidus tempera-
ture, and the solidification temperature range increased with
Ta addition, especially in high Ta-containing alloys, consis-
tent with the Ni—Ta binary phase diagram. Consequently, the
primary dendrite spacing increased with Ta content. These
experimental results are similar to those reported by Gao
et al. [16] on IN716 alloys added with Owt%—2.0wt% Ta,
indicating the Hunt model can well unveil the relationship
between Ta content and PDAS.

The growth of ¥ precipitates is mainly concerned with 7,
and refractory element distribution. During solidification, a
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sufficient number of ¥ precipitates nucleated at the peak Ty
and then started to grow when reaching the critical interpar-
ticle distance [25]. A higher peak Ty means a longer time for
v precipitates to grow sufficiently and thus possess a larger
size. Ta addition slightly lowers the extent of refractory
element segregation (Re and W) and further affects the ele-
ment partition to the dendritic cores and interdendritic re-
gion. Given that Re and W may substantially decrease the Y
precipitate growth kinetics [12,26], the change in element
segregation causes different diffusion rates in the dendritic
core and interdendritic region and leads to differences in the
size of Y precipitates.

With respect to the Y precipitates in the dendritic cores,
Ty was improved with increasing Ta content. Moreover, Ta
addition was more effective in suppressing refractory ele-
ment segregation in the dendritic cores of alloys containing
high Ta content. Therefore, the combination of higher 7y
and less refractory element concentration reduced diffusion
inhibition and promoted the growth of Y precipitates in
dendritic cores. For ' precipitates in the interdendritic re-
gion, with Ta addition, more refractory elements (Re and W)
partitioned to the interdendritic region and inhibited the
growth controlled by diffusion, although 77y was found to be
higher. This phenomenon caused the decrease in the size of
v precipitates and the increase in the volume fraction with
Ta addition.

Extensive investigations on Ni-based alloys demonstrated
that ¥ precipitate shapes are substantially influenced by
variations in lattice misfit due to the changes in the overall
compositions and partitioning of elements to the precipitates
and matrix phases [14,27-28]. A crystal lattice parameter is
related to composition and thus depends on the atomic ra-
dius. Ta solute has larger atomic size than Ni by approx-
imately 15%—18%. The increased lattice parameter of fcc
v-Ni is larger than that of Y-Ni;Al. In general, alloys with
more negative lattice misfit possess more cuboidal Y preci-
pitates [29]. Thus, Ta addition caused a decrease in lattice
misfit and the evolution of ' precipitate shapes.

This study also indicated the less segregation of refrac-
tory elements (especially for Re and W) upon Ta addition. In
contrast to Re and W, Ta was mainly segregated to the in-
terdendritic region. During the solidification, the content of
Ta distributed in the dendritic cores increased with increas-
ing level of Ta added. High amounts of Ta added may ex-
clude Re and W from the dendritic cores to the interdendrit-
ic region, resulting in less segregation of those elements. In
summary, Ta addition can effectively modify the segregation
and microstructure characteristics and improve homogeneity
of both alloys.
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5. Conclusions

The effect of Ta content on the solidification and micro-
structure characteristics of hot corrosion resistance Ni-based
SX superalloys was investigated. The following conclusions
are established.

(1) With increasing Ta content from 2wt% to 8wt%, the
solidification temperature range increases from 39.0 to
61.8°C and the average primary dendrite arm spacing
(PDAS) also increased because of the larger solidification
temperature range.

(2) The segregation of refractory elements, especially Re
and W, decreases with increasing Ta content. Ta addition
excludes Re and W from the dendritic core to the interden-
dritic region.

(3) The size of Y precipitates in the dendrite core in-
creases substantially from about 0.24 to 0.40 um, whereas
that of Y precipitates in the interdendritic region decreases
slightly from 0.56 to 0.47 um with increasing Ta content.
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