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Abstract: The effects of alloying elements, M (M = Nb, Ta, and V), on the stability of D0y y”-NizM
precipitates at elevated temperatures were investigated in Ni-22Cr-based ternary and quaternary
alloys using heat-treated diffusion-multiple and bulk samples with discrete chemical compositions,
with a final goal to improve the precipitate stability and the temperature capability of the Alloy-
718-type Ni-based superalloys. Our microstructural characterization indicated that a complete
replacement of Nb with Ta stabilized the y” precipitates at temperatures up to 800 °C. A partial
replacement of Ta with V was found to stabilize the precipitates even at 900 °C. Differential scanning
calorimetry and high-temperature X-ray diffraction experiments demonstrated that the D0,-NizM
structure was stable at elevated temperatures in the Ni-Cr-Ta ternary system. Lattice parameter
measurements at room temperature suggested that a partial replacement of Ta with V decreased the
lattice misfit between the fcc y matrix and the y” precipitate phases along the a- and c-axes of the
tetragonal y” crystal structure. The improved y” precipitate stability was discussed in terms of the
chemical driving force, misfit strain, and diffusion kinetics viewpoints.

Keywords: microstructural stability; metastable phase; Ni-based wrought alloys

1. Introduction

Alloy 718 is an important class of Nb-bearing Ni-based superalloys for high-temperature
applications, such as compressor disks/blades and turbine disks in gas turbine systems for
land-based power plants and aerospace engines, due to their high strength/toughness and
good fabricability [1]. Improvements in the efficiency of gas turbine systems allow us to
reduce energy consumption and CO, emissions, and an increase in the heat resistance of
the high-temperature components is, accordingly, a continuously important subject.

The strength of Alloy 718 is derived from a fine/coherent precipitation of thermody-
namically metastable D0,; v”-NizNb precipitates in the fcc y—Ni matrix [2]. The metastable
feature of the y” precipitates, however, causes phase transformations from their structure to
the thermodynamically stable DOa 5-NizNb structure at elevated temperatures. This results
in the formation of a coarse microstructure, the degradation of mechanical properties,
thereby limiting the service temperature of the alloys below ~650 °C [3-5]. Improvements
in the y” precipitate stability would, therefore, be expected to enhance the heat resistance
of the Alloy-718-type Ni-based superalloys. Developments for this purpose have been tried
by increasing the ratio of Al/Nb to optimize the volume fraction of the y”-NizNb phase
and the y’-Ni3 Al phase [5-7].

Aiming at improving the stability of the y” phase itself, we focused on the substitution
of Nb with other y”-forming elements, and preliminarily found that a replacement of
Nb with Ta drastically retarded the phase transformation from y” to 6 at 800 °C in Ni-
22Cr-based ternary alloys. The same trend was reported in a previous study [8] by the
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substitution of Ta for Nb in an Alloy 718 chemical composition. However, the reason for
the improved stability has not been clarified yet.

In the Ni-Ta binary alloy system, the Pt3Nb-type structure () has been reported
as thermodynamically stable as a NizTa-based intermetallic compound, while the D05;.
and the D0,-type structures are metastable [9]. A phase transition from the 3 phase to
the D0,, on heating was reported [10]. The latter report could suggest that the y” phase
is thermodynamically stable at elevated temperatures in the Ni-Ta alloys, but this point
needs to be verified. The D0y, y”-Ni3V phase is, on the other hand, known to exist as a
thermodynamically stable intermetallic phase in the Ni-V binary alloy system [9], which
suggests that a replacement of Nb and /or Ta with V could improve the y” precipitates by
increasing their relative thermodynamic stability with regard to the other structures.

It is generally considered that misfit strains, due to coherency at the matrix/precipitate
interfaces, drive phase transformations, including those from a metastable phase to their
stable phase [11-13]. The y”-NizNb phase precipitates coherently in the matrix in a disk
shape typically with its lattice parameter being larger than the y-Ni matrix phase by less
than 0.1% along the g-axis and by 3~5% along the c-axis of the y” crystal structure [11,12,14].
Those relatively large misfit strains could also be an important factor for controlling the
stability of v” precipitates at elevated temperatures. The a-axis and the c-axis of the y”
phase are reported to be shorter in Ni3V than in Ni3sNb and NisTa [9,15]. A replacement of
Nb and/or Ta with V could, thus, allow us to expect a change in the misfit strain energy,
thereby modifying the driving force for the phase transformation.

In the present paper, the stability of D0y, v”-NizgM (M: Nb, Ta, and V) precipitates at
elevated temperatures was investigated by varying the ratio of the y”-forming elements M
in Ni-22Cr-based ternary and quaternary alloys. The obtained results were discussed in
terms of the chemical driving force, misfit strain, and diffusion kinetics viewpoints.

2. Materials and Methods

The investigation was conducted using a diffusion-multiple method [16-19] and a
conventional bulk alloy method. In the diffusion-multiple method adopted, a diffusion
multiple was firstly heat-treated at an elevated temperature to introduce concentration
gradients of solute elements in a matrix phase and then annealed to cause a precipitation
reaction in the matrix phase with concentration gradients, which could provide us with
an effective microstructural characterization sample. Three alloy end members were
coupled in the present study, of which nominal compositions and designations are listed
in Table 1. Their chemical compositions are shown in atomic percent through this paper
unless specified. The chemical compositions of each end member were selected in such
a way that each y”-phase-forming element was soluble in the y matrix in the first heat
treatment and was precipitated as NizM intermetallic compound phases in the second
heat treatment.

Table 1. The chemical compositions of the alloys used in the present study.

Sample Alloy Alloy Composition (at.%)

Type Designation Nb Ta \' Cr Ni
DM 5.5Nb 5.5 - - 22.0 Bal.
DM 6.5Ta - 6.5 - 22.0 Bal.
DM 10V - - 10.0 22.0 Bal.

B 3.7Ta - 37 - 24.7 Bal.
B 3Ta-5V - 3.0 5.0 22.0 Bal.
B 6Ta-5V - 6.0 5.0 22.0 Bal.
B 20.4Ta - 20.4 - 5.4 Bal.

DM: diffusion-multiple samples; B: bulk alloy samples.

The end members were prepared with argon arc melting using 3 N purity pure raw
metal materials in the form of 30 g button ingots, cold rolling, and machining. Diffusion
bonding surfaces of the end members were ground and, finally, polished down to 3 mm
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diamond polishing suspension. The end members were cleaned with ethanol, coupled
in a molybdenum tube, and heat-treated at 1200 °C for 169 h to introduce continuous
composition gradients of the y”-forming elements in the y matrix through the interdiffusion
of the elements. The diffusion multiple was, subsequently, aged at 800 °C and 900 °C for
time periods of up to 2000 h to determine the stability of y” precipitates within the matrix
phase. The samples were sectioned perpendicular to the diffusion-bonded interfaces before
and after the second heat treatment. The sections were mechanically polished down to
0.5 um Al,Oj3 polishing suspension, chemically polished with SiO, polishing suspension,
and used for metallographic observations and chemical analysis.

The microstructures of the heat-treated samples were observed with an optical mi-
croscope (OM) and a field-emission-type high-resolution scanning electron microscope
(FESEM, JSM-7000F, JEOL Ltd., Tokyo, Japan) equipped with a backscattered electron (BSE)
detector. The chemical analysis was conducted along lines across each diffusion-bonded
interface in the diffusion-multiple samples. The chemical composition was analyzed with
energy dispersive spectroscopy (EDS) on FESEM. The solute contents were quantified
using calibration curves, which were prepared using alloys with known chemical compo-
sitions. The crystallographic orientation of the matrix phase was measured with electron
backscatter diffraction (EBSD) on FESEM.

Bulk alloys, alloys of discrete chemical compositions, were also used for further inves-
tigation into the stability of y” precipitates. The chemical compositions and designations of
the bulk alloys are listed in Table 1. The first three bulk alloys were fabricated to confirm
the effect of a partial replacement of Ta with V, as explained in detail later. These bulk
alloys were prepared with argon arc melting, cold-rolled, solution-treated, and aged under
the conditions shown in Table 1. The metallographic samples of these alloys were pre-
pared with the same method for diffusion-multiple samples. X-ray diffraction (XRD) was
conducted at room temperature for phase identification and for evaluation of the lattice
parameters of y and y” phases. XRD was conducted with a machine (Mini Flex 600, Rigaku
Corp., Tokyo, Japan) using Cu radiation and a Ni filter.

High-temperature X-ray diffraction (HTXRD) and differential scanning calorimetry
(DSC) were performed for the identification of the phase transition with temperatures in
the NizTa phase composition using the fourth bulk alloy in Table 1. HTXRD was conducted
with a machine (D8 Discover mHR, Bruker AXS, Billerica, MA, USA) using Cu radiation
and a collimator with a diameter of 0.5 mm with a heating stage (DHS-900, Anton Paar,
Graz, Austria). DSC was conducted to detect a phase transition with a machine (DSC 404
Fe Pegasus, Netzsch, Burlington, MA, USA) in an argon atmosphere at a heating rate of
10 °C/min between room temperature and 900 °C.

3. Results and Discussion
3.1. Microstructures of Diffusion Multiples

Figure 1 shows an optical micrograph of a cross-section of the diffusion-multiple
sample heat-treated at 1200 °C for 169 h and the concentration profiles taken along the
line across the diffusion-bonded interface. It can be seen that the Ta and V concentrations
gradually changed within the y phase across the initial interface, while the Cr concentration
remained almost constant. It was confirmed that all the solute elements were in a solid
solution, and the precipitates were rarely detected using optical microscopy and FESEM
observation. This heat-treated diffusion-multiple sample was, subsequently, aged to precip-
itate the y”-phase-forming elements within the matrix with the concentration gradients.

BSE images taken from the diffusion-multiple samples aged at 800 °C are shown in
Figure 2. In the 5.5Nb area (Figure 2a), discontinuously precipitated lamellar colonies
were observed after aging for 100 h, indicating that metastable yv”-NizNb precipitates were
already replaced by the thermodynamically stable 5-NizNb phase within the short time
of aging. In the 6.5Ta area (Figure 2b), however, after aging for ~1000 h, fine " precipi-
tates were kept in half of the area of the diffusion couple sample, while discontinuously
precipitated lamellar colonies were formed in another half of the area. The y” precipi-
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tates in the grain were discriminated from the 5 phase according to their habit planes and
crystallographic orientation relationship: {100}, // {001)~, {111}, // (010)s [12]. Our
microstructural and chemical characterization indicated that the volume fraction of the
coarse precipitates was ~22% in the 6.5Ta area, while that in the 5.5Nb area was ~20%. The
similar volume fractions of the precipitates suggested that the improved stability of y”
precipitates was due to the replacement of Nb with Ta rather than a lower volume fraction
of precipitates, which would normally slow the precipitation kinetics. In the Ta/V interface
area with a chemical composition of nearly Ni-22Cr-2.5Ta-5V, only y” precipitates were
found in the matrix, although the density of the precipitates was lower than that of the pre-
cipitates observed in the 6.5Ta area (Figure 2c). In the 10V area (Figure 2d), fine precipitates
with a grayish contrast were visible within the matrix. The darker contrast and the size
of the precipitates allowed us to assume that the y”-NizV phase was precipitated during
cooling after the second heat treatment. The particles with a black contrast, displayed in
the V-containing areas, were assumed to be vanadium nitride caused by the inclusion of
nitrogen in the raw material of V.
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Figure 1. Optical micrograph of a diffusion-multiple sample heat-treated at 1200 °C for 169 h and
compositional profiles across the 6.5Ta/10V diffusion-bonded interface.

Figure 3 shows BSE images taken from the diffusion-multiple samples aged at 900 °C.
The entire portion of the 6.5Ta area was occupied by discontinuously precipitated lamellar
colonies after 500 h (Figure 3a), which indicated that the y” precipitates were transformed
into a stable phase. A Ta/V interface area with a chemical composition of Ni-22Cr-2Ta-5V
showed lath-shaped precipitates with orthogonally aligned variants in the y matrix even
after 2000 h (Figure 3b). A trace analysis using EBSD suggested that the orthogonally
aligned precipitates were of the y” phase according to the known crystallographic orienta-
tion relationship between the precipitate and the matrix phases: <100>, // [001]~ [12].
An example of the trace analysis to identify the y” phase is shown in Figure 3c.

Figure 2. Cont.
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(d)

Figure 2. BSE images taken from diffusion-multiple samples aged at 800 °C for (a) 100 h in the 5.5Nb
area, (b) 1026 h in the 6.5Ta area, (c) 1026 h in the vicinity of the 6.5Ta/10V diffusion-bonded interface,
and (d) 1026 h in the 10V area. The precipitates in the micrographs were indexed by also taking the
XRD results as shown in Section 3.2. into consideration. 5(3) denotes that the phase was of the 5
phase at the aging temperature, but was transformed to the 3 phase during quenching.

Figure 3. BSE images taken from diffusion-multiple samples aged at 900 °C for (a) 500 h in the 6.5Ta
area and (b) 2000 h in the vicinity of the 6.5Ta/10V diffusion-bonded interface. The right-bottom scale
in (b) was common for the micrograph in (a). (c) EBSD IPF map of the matrix fcc phase taken from
the designated red square area in (b), and trace analyses of (001) and (111) planes in the fcc matrix
crystal with purple color. The precipitates along the (001) traces are y” phase, while those along the

(111) traces are 5 phase based on the reported crystallographic orientations [12]. The precipitate type
in (a) was indexed according to the XRD results as shown in Sections 3.2 and 3.3.

3.2. Microstructures of Bulk Alloy Samples

The bulk alloys of three discrete alloy compositions were prepared to confirm the effect
of the partial replacement of Ta with V on the stability of y” precipitates. The chemical
compositions of the three alloys were designed to compare at the same volume fraction
of the NizM phase (V¢ Ni3M) in the presence/absence of vanadium, according to internal
tie-line data at 900 °C. The V¢ N®™ wag ~6% in the 3.7Ta and the 3Ta-5V alloys. The
V¢ NSM in the 6Ta-5V alloy was ~20%, almost equivalent to that in the 6.5Ta area in the
diffusion multiple.
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Figure 4a—d show BSE images of the alloys heat-treated at 900 °C for 500 h. The 3.7Ta
alloy showed a small amount of globular-shaped precipitates on the grain boundaries and
needle-shaped precipitates in the grain interior (Figure 4a). In the 3Ta-5V alloy (Figure 4b),
orthogonally aligned fine precipitates were seen in the grain interiors together with globular-
and needle-shaped coarse precipitates. In the alloys with higher V¢ Ni3M_ while coarse
lamella colonies were seen in the entire part of the 6.5Ta area (Figure 4c), not only coarse
lamella colonies, but also fine lath-type precipitates were observed in the 6Ta-5V alloy
(Figure 4d). Microstructures of the 3Ta-5V and the 6Ta-5V samples aged at 800 °C for 1000 h
are displayed in Figure 4e,f. In both the samples, orthogonally aligned fine precipitates
were observed in the grain interiors, together with discontinuously precipitated coarse
lamellar colonies. The density of the fine precipitates in the 3Ta-5V sample (Figure 4e) was
higher than that observed in a low Ta content area in the diffusion couple sample aged at a
comparable condition (compare with Figure 2c), while the density in the 6Ta-5V sample
(Figure 4f) was similar to that in the 6.5Ta area in the diffusion couple sample (compare
with Figure 2b).

(c) (d)

(f)

Figure 4. BSE images of the samples aged at 900 °C for 500 h (a—d) and at 800 °C for 1000 h (e,f):
(a) 3.7Ta, (b,e) 3Ta-5V, (c) 6.5Ta, (d,f) 6Ta-5V. The bottom-right scale was common for all the micro-
graphs. The precipitates were indexed by taking into account the XRD results as shown in this section
and Section 3.2.

Figure 5 shows room temperature XRD profiles obtained from the samples of which
micrographs are presented in Figure 4a,b,d. In the 3.7Ta alloy (Figure 5a), the observed
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diffraction peaks were identified as y-Ni (fcc) and (3-NizTa with the Pt3Nb structure [15].
In the 3Ta-5V and the 6Ta-5V alloys (Figure 5b,c), the diffracted peaks were identified as
v-Ni (fcc), v”-NisTa, and p-NisTa. The precipitates were indexed in the micrographs in
Figure 4 according to the XRD results. The precipitates in the diffusion-multiple samples
were also assumed based on the bulk alloys and indexed in Figure 3. The comparison in
the precipitate stability between the alloys clearly indicated that the partial replacements of
Ta with V stabilized the y” precipitates even at 900 °C.
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Figure 5. Room temperature XRD profiles obtained from the alloys aged at 900 °C for 500 h: (a) 3.7Ta,
(b) 3Ta-5V, (c) 6Ta-5V. Cu peaks in (a) were derived from a Cu tape placed to cover phenol resin for
sample mounting.

3.3. Chemical Driving Force Consideration

The change in the chemical driving force for the metastable—stable phase transfor-
mation was considered as one of the critical factors for the stability of y” precipitates at
elevated temperatures. In the Ni-Ta binary alloy system, the PtzNb-type structure (3) was
reported as thermodynamically stable at the NizTa phase, while the D0,;- and D0;-type
structures were metastable [9]. Fistov et al. [10] investigated the phase transformation
in a Ni-25Ta alloy with DSC and HTXRD. They reported that the alloy showed a phase
transition from the Pt3Nb structure to the D0y structure at ~300 °C on heating. Their
results could suggest that the v” phase was thermodynamically stable above 300 °C in the
Ni-Ta alloys. To verify this, the 3-NisTa precipitate was chemically analyzed in our aged
samples, and an alloy with the analyzed composition, 20.4Ta alloy, was prepared for DSC
and HTXRD measurements in the present study.

Figure 6 shows a DSC curve obtained from the 20.4Ta alloy sample. An endothermic
peak was observed at ~380 °C, which reasonably corresponded to the phase transition
reported in [10]. Figure 7 shows HTXRD profiles obtained at different temperatures from
the 20.4Ta alloy. All the diffracted peaks were identified as the (3-NizTa phase at room
temperature within the measured 26 angle range, except one peak at ~48.5°, which might
be of the u-NiTa phase (D8s). The relative peak intensities were unchanged between room
temperature and 300 °C (see Figure 7a—-d). At 400 °C (Figure 7e), the diffracted peaks due
to the 5-D0, crystal structure appeared. The intensities of the & phase diffraction peaks
increased, while those of the 3 phase decreased with an increase in temperature up to
600 °C (see Figure 7e—g). Any diffraction peaks due to the y” phase were not observed for
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all the temperatures measured. The results obtained from the DSC and HTXRD indicated
that the 6 phase was thermodynamically stable at elevated temperatures, where the stability
of v” precipitates was investigated in the present study.

-10 F

DSC /uV

_.1 :2 5

_.1 zl -

~18 Ni-5.4Cr-20.4Ta
-18 - Heating at 10 °C/min

_20 1 1 1 1 1 1
200 300 400 500 600 700 800 900

Temperature / °C

Figure 6. DSC curve obtained from the 20.4Ta alloy upon heating at a rate of 10 °C/min.

The heat of formation was calculated for the D0y;, 3, and D0, type NisTa phases at
absolute zero temperature based on the density function theory in the literature [20-22].
The calculated values were, however, in contradiction, i.e., the value was lower in D05, than
D0, in [20,22], while the opposite order in values was reported in [21]. It was difficult to
experimentally estimate the finite temperature free energy terms due to the metastability of
the D0y, phase. As far as the authors” knowledge goes, no theoretical study was available
on the thermodynamic stability of the structures at finite temperatures in y”-phase-forming
Ni-based alloy systems, which was expected to be conducted in the future.
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Figure 7. XRD profiles obtained from the 20.4Ta alloy at (a) room temperature, (b) 100 °C, (c) 200 °C,
(d) 300 °C, (e) 400 °C, (f) 500 °C, and (g) 600 °C.
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A partial replacement of Ta with V was expected to increase the thermodynamic
stability of the v” phase with respect to the 6 phase or the 3 phase, since the former
structure was thermodynamically stable in the Ni-V binary alloy system [9]. The improved
stability of y” precipitates could be, therefore, qualitatively interpreted in terms of an
increased thermodynamic stability of the y” phase in the partially replaced alloys.

3.4. Misfit Strain Energy Consideration

It is generally considered that the misfit strain introduced by coherent precipitates
drives phase transformations, including those from a metastable phase to their thermo-
dynamically stable phase [13]. The v”-NizNb phase precipitated coherently in the matrix
in a disk shape, typically with its lattice parameter being larger than the y-Ni matrix
phase by less than 0.1% along the a-axis and by 3~5% along the c-axis of the y” crystal
structure [11,12,14]. The relatively large misfit strain could also be an important factor in
controlling the stability of v” precipitates at elevated temperatures.

Figure 8 shows a change with a partial replacement of Ta with V in the lattice misfit
between the v/v” phases along the g-axis and the c-axis of the y” structure. The values
were derived through our XRD measurements at room temperature for the respective alloys
and the reported crystallographic relationships [12,14]. The lattice parameters of the two
phases were evaluated by selecting the peaks for the v phase ((111), (200), (220), (311), and
(222)) and the v” peaks that did not overlap with the y phase ones (such as (110), (004),
(202), (211), (114), (213), (204), (116), (224), (321), and (314)) without the deconvolution of
the peaks using Cohen’s error function method [23]. It can be seen that the lattice misfit
values along both the axes decreased by the partial replacements. The observed decrease in
the misfit was reasonable, since the g-axis and the c-axis of the y” Ni3V phase were shorter
than those of the y” NisTa [15]. The reduced lattice mismatch could allow us to assume
that the driving force for the phase transformation was lowered, which could also be a
qualitative interpretation for the improved stability of y” precipitates in the V-replaced
alloys. The relative importance of the chemical driving force vs. misfit strain energy is
an open question for future work. The misfit values measured in a 3.5 at.% Nb-doped
alloy [14] are included in Figure 8. The value along the c-axis was similar to those in the
3.7Ta and 6.5Ta alloys, while the value along the a-axis was close to the alloys with the
lower Ta contents, regardless of the presence of V. Taking into account that the addition of
Fe slightly increased the misfit values, a comparison in the misfit values among the alloys
could not lead to any clear correlation between the misfit strain energy and the stability
improvement by the substitution of Nb with Ta.

04 5.0
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Figure 8. Estimated lattice misfit values between the vy and y” phases along the two axes of the
tetragonal y” structure in the designated alloys: (a) along the a-axis and (b) along the c-axis. The
misfit values were estimated from the lattice parameters of the corresponding phases measured with
XRD at room temperature on the alloys aged at 800 °C for 100 h. The misfit values measured in a
Nb-doped alloy (Ni-22Cr-16Fe-3.5Nb in at.%) [14] were also included.
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3.5. Diffusion Kinetics Consideration

The changed stability of v” precipitates could be caused by the diffusion kinetics of the
v”-forming elements, since the phase transformation from y” to 4 was diffusional. Figure 9
summarizes the reported diffusion coefficient of Nb [24,25], V [25,26], and Ta [25,27]. It
can be seen that the coefficient of Nb reported in [24] was at most five times higher than
that of Ta and V in the temperature range concerned, while the difference among the
three elements was smaller in the literature reported by Karunaratne et al. [25]. Even
the five times difference was too small to interpret the significantly improved y” stability
(by ~2 orders of magnitude) by replacing Nb with Ta, since a metallurgical principle
tells that diffusional transformation kinetics are proportional to the square root of the
diffusion coefficient. The reported diffusion coefficients of Ta and V were in the same order,
suggesting that the observed improvement in the y” stability by the V replacement could
not be interpreted by the diffusion kinetics viewpoint.
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Figure 9. Arrhenius plots for the reported interdiffusion coefficient values of Nb [24,25], V [25,26],
and Ta [25,27] in Ni.

4. Conclusions

The effects of alloying elements, M (M = Nb, Ta, and V), on the stability of D0,
v”-NisM precipitates at elevated temperatures were investigated in Alloy-718-type Ni-
22Cr-based ternary and quaternary alloys using heat-treated diffusion-multiple and bulk
samples with discrete chemical compositions. The main results were:

1.  The microstructural characterization indicated that a complete replacement of Nb
with Ta stabilized the y” precipitates at temperatures up to 800 °C.

2. A partial replacement of Ta with V was found to stabilize the precipitates even at
900 °C.

3. Differential scanning calorimetry and high-temperature X-ray diffraction experiments
demonstrated that the DOa structure, instead of the D0, structure, was stable at
elevated temperatures in the Ni-Cr-Ta ternary system.

4.  Lattice parameter measurements suggested that the partial replacement of Ta with V
drastically decreased the lattice misfit between the fcc y matrix and the y” precipitate
along the two axes of the tetragonal v” structure.
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5. A consideration of the chemical driving force, misfit strain, and diffusion kinetics
viewpoints may qualitatively suggest that either of the former two factors or both
could be important factors for the stability of v” precipitates at elevated temperatures.
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