CHALMERS

UNIVERSITY OF TECHNOLOGY

A novel alloy design approach in developing CoNi-based high entropy
superalloy using high entropy alloys thermodynamic and spark plasma

Downloaded from: https://research.chalmers.se, 2026-08-12 18:36 UTC

Citation for the original published paper (version of record):

Mohammadzdeh, A., De Nardi, A., Omidbakhsh, F. et al (2024). A novel alloy design approach in
developing CoNi-based high entropy superalloy using high

entropy alloys thermodynamic and spark plasma sintering. Materials Science & Engineering A:
Structural Materials: Properties, Microstructure and Processing, 909.
http://dx.doi.org/10.1016/j.msea.2024.146841

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



Materials Science & Engineering A 909 (2024) 146841

Contents lists available at ScienceDirect

MATERIALS
SCIENCE &
G

Materials Science & Engineering A

journal homepage: www.elsevier.com/locate/msea

ELSEVIER

Check for

A novel alloy design approach in developing CoNi-based high entropy | e
superalloy using high entropy alloys thermodynamic and spark
plasma sintering

Ahad Mohammadzdeh 0" " Alessandro De Nardi ¢, Faraz Omidbakhsh ¢, Dariusz Garbiec®,
Ahmed Fardan ', Eduard Hryha', Amir Mostafaei ¢, Jose Manuel Torralba ™"

@ Department of Materials Engineering, Faculty of Engineering, University of Maragheh, Maragheh, P.O. Box 83111-55181, Iran

b Imdea Materials Institute, Calle Eric Kandel, 2, 28906, Getafe, Madrid, Spain

¢ Politecnico di Torino, Corso Duca degli Abruzzi, 24, 10129, Torino, Italy

4 Department of Mechanical Engineering, College of Engineering, Islamic Azad University, Tabriz Branch, Tabriz, Iran

€ Lukasiewicz Research Network — Poznan Institute of Technology, 6 Ewarysta Estkowskiego St., 61-755, Poznan, Poland

f Department of Industrial and Materials Science, Chalmers University of Technology, 412 96, Goteborg, Sweden

& Department of Mechanical, Materials, and Aerospace Engineering, Illinois Institute of Technology, 10 W 32" Street, Chicago, IL, 60616, USA
Y Universidad Carlos IIT de Madrid, Av. Universidad 30, 28911, Leganés, Spain

ARTICLE INFO ABSTRACT

Keywords:

High entropy superalloys
Spark plasma sintering
Thermodynamical calculations
Powder metallurgy
Microstructure analysis

This study introduces an innovative alloy design strategy by integrating HEAs principles to develop CoNi-based
high entropy superalloys (HESAs). The powder of designed HESA produced using gas atomization and consoli-
dated using spark plasma sintering (SPS). The alloy design strategy validated by CALPHAD to mitigate detri-
mental phase precipitation and segregation during powder production, material consolidation, and post-
processing heat treatments. CoNi-HESA powder with a calculated mixing entropy of 1.568R was successfully
developed and consolidated using SPS. Optimization of SPS parameters at 1175 °C, 10 min, and 100 °C/min
achieved a relative density of 99.9 %. Subsequent heat treatments further improved the material’s character-
istics. Solutionizing at 1190 + 10 °C for 2 h with water quenching resulted in a fine grain structure of ~7 pm
grain size. Aging at 900 °C for 24 h, followed by water quenching, yielded uniformly distributed fine y' pre-
cipitates comprising approximately 65 % of the y matrix, without unwanted secondary precipitates or TCP
phases. This study demonstrates the effectiveness of the novel approach in designing CoNi-based HESAs and
optimizing their properties through careful process parameter selection and post-heat treatment cycles. The
combination of thermodynamic calculations, HEA principles, and powder metallurgy techniques offers a
promising approach for developing advanced high entropy superalloys with tailored microstructures.

1. Introduction

Co- or CoNi-based superalloys and high entropy alloys (HEAs) are
gaining attention as promising alternatives to Ni-based superalloys
because of their ability to overcome the current limits of Ni-base su-
peralloys (approaching y' solvus temperature to Ni melting point) in
high-temperature applications. Among the Co-based superalloys, the
Co-9Al-9W alloy, which is strengthened by a ternary Cos(Al, W)
intermetallic compound with an ordered L1, structure, was proposed by
Sato et al. [1] and has emerged as a new family of superalloys that can
suppress the limitations of matured Ni-based superalloys [2-4].

Co-based superalloys, despite having cuboidal and, in some composi-
tions, high y' volume fraction after aging, are plagued by critical issues
such as a metastable ;' phase, a low y solvus temperature (T}, high
density (>9 g ecm ™), and poor high-temperature oxidation resistance.
However, incorporating heavy elements, such as W, in the Co-Al-W
alloying system is crucial in precipitating a ternary A3B phase with an
L1, structure, resulting in a higher density [5-8]. To improve the
high-temperature physical and mechanical properties of Co-based su-
peralloys, researchers have explored different strategies, including
introducing y' stabilizers [9-13], such as Ni, Ti, and V, which makes it
possible to decrease the number of heavy elements in the alloy [14-18].
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In 2015, Makineni et al. [3] proposed W-free Co-based superalloys
with a density lower than 8.5 g em 2 and a y' solvus temperature of
866 °C. In another study on W-free Co-based superalloys, Cao et al. [19],
using the calculation of phase diagram (CALPHAD) method, developed
an eight-component Co-rich high-entropy alloy that demonstrated
improved properties compared to the alloy proposed by Makineni et al.
[3]. The new alloy had a y' solvus temperature of 1125 °C and a mass
density of 8.28 g cm~>. Additionally, multicomponent Co- or CoNi-based
superalloys with more than six alloying elements have been developed
to enhance their high-temperature properties, such as adding Cr to
improve oxidation resistance [17,19-21].

Recent studies have explored the use of machine learning and CAL-
PHAD methods to design and develop CoNi-based superalloys with a
lower density and higher T, . For example, Zhuang et al. [22] developed
an eight-element CoNi-based superalloy with a density lower than 8.5 g
em™> and T, of 1125 °C using a machine learning method. In another
study, Zhuang et al. [23] designed and developed a seven-component
high-Cr CoNi-based superalloy with a density lower than 8.5 g cm ™3,
high y’ volume fraction, and T, of 1090 °C using the CALPHAD method.
Currently, the number of elements in Co- or CoNi-based superalloys are
increasing in order to improve high temperature properties and they
have been developed with up to nine elements [22]. Increasing the
number of elements thermodynamically means raising the entropy of
mixing (ASmix)-

However, it is worth noting that while researchers may be exploring
the addition of further elements in Co- or CoNi-based superalloys, they
may not have investigated the role of AS;;, or the principles of HEAs in
their design strategies. So it seems that further development of Co- or
CoNi-based superalloys must consider the HEAs principles as an essen-
tial factor, similar to the development pathway of matured Ni-based
superalloys [24]. Overall, the development of Co- or CoNi-based su-
peralloys with advanced properties requires a multidisciplinary
approach that combines experimental, theoretical, and computational
methods.

The fundamental principle of HEAs is the generation of high
configurational entropy, which is primarily achieved by incorporating at
least five elements with concentrations ranging between 5 and 35 at%.
This criterion was deliberately chosen, as it leads to a solid solution with
sufficient entropy to overcome the enthalpy of formation of interme-
tallic phases, thereby forming a stable solid solution. Research in the
past decade has demonstrated that the number of elements in HEAs can
be increased up to 13, and the requirement of equal atomic percentages
of each element is not essential. Consequently, a new generation of HEAs
has emerged, enabling the synthesis of complex multicomponent alloys
with enhanced properties [25]. Precisely predicting the stability of solid
solutions is a critical factor in developing new HEAs and is of significant
interest to the scientific community. Several methods, such as CAL-
PHAD, density-functional theory, and Ab initio molecular dynamics,
have been developed to address this issue. However, traditional ap-
proaches based on applying Hume-Rothery rules and thermodynamics
of phase stability are more suited for practical parametric criteria in
predicting the stability of solid solutions in HEAs, as they align well with
experimental results [26,27].

In our previous study [28], we introduced a correlation between the
entropy of mixing and the solvus temperature of y’. With some pre-
cautions, we found that increasing AS;;, can positively impact the solvus
temperature of y/, and that it is feasible to achieve higher y' solvus
temperatures by increasing AS,;. However, a significant increase in
ASpix can also lead to a higher level of confusion in the alloy system,
resulting in a considerable decrease in the Gibbs free energy of mixing
(AGnix). Consequently, the elements within the alloy tend to randomly
distribute themselves in the crystal lattice, which reduces the tendency
for ordering and segregation of alloy elements. This phenomenon can
lead to the formation of a stable solid solution, which is more favorable
than intermetallic compounds or other ordered phases during solidifi-
cation. Furthermore, the effect of AS; becomes more pronounced as
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the temperature rises, according to thermodynamic principles. Conse-
quently, a high value of TAS; can promote the formation of solid so-
lutions. Evaluating the value of TAS,;, can help to determine the driving
force for forming a solid solution. The approach to designing HEAs is
largely dependent on fulfilling a range of thermodynamic prerequisites
such as ASpx, enthalpy of mixing (AHp;,), valence electron configura-
tion (VEC), and atomic size difference (§,). The probability of forming a
single-phase HEA for a given composition can be predicted through
analytical calculations of these parameters (and comparing them with
statistical ranges) or by employing CALPHAD simulations, which can
forecast the phase diagram of a composition across a temperature range
[29-31].

The successful development of Co- or CoNi-based superalloys de-
pends not only on the multidisciplinary alloy design strategy but also on
the choice of production technique. While conventional ingot metal-
lurgy routes have been widely used in previous studies [8], there is a
growing need to focus on sustainable materials that are compatible with
advanced manufacturing technologies. Powder technology serves as a
gateway to advanced manufacturing technologies, and the production of
CoNi-based HESA powders remains an area with limited information.
Furthermore, when developing Co-based superalloy powders using
powder metallurgy (PM) techniques, elemental segregation can occur
during powder production processes such as atomization, which is a
common challenge [32]. Therefore, it is essential to consider not only
the alloy design but also the production technique in the development of
Co- or CoNi-based superalloys suitable for advanced manufacturing.

Modern powder technology provides solutions for advanced and
sustainable manufacturing processes, such as PM and additive
manufacturing (AM). The mechanical alloying technique is commonly
used to produce Co- or CoNi-based superalloy powders, which can then
be consolidated using various techniques, including field-assisted sin-
tering techniques (FAST), hot pressing, and spark plasma sintering (SPS)
[5,33-38]. Among these techniques, SPS is a PM route for materials
processing, which can produce high-dense and low-grain-growth prod-
ucts at relatively low sintering times and temperatures [39-42]. The SPS
process has attracted a lot of attention in developing Ni-based superal-
loys, many of which involve incorporating intermetallic compounds as
reinforcements to create metal matrix composites [43-45].

To successfully develop Co- or CoNi-based superalloys, using an
accelerated alloy design methodology and selecting the production
technique are crucial factors. This study aimed to introduce a novel
approach to develop CoNi-based HESA powder through a systematic
alloy design strategy. To avoid the precipitation of deleterious second-
ary phases and segregation during powder production, SPS process, and
post-processing heat treatments, CALPHAD -calculations and HEAs
principles were used in the design step. The validity of the thermody-
namical predictions was confirmed in different stages of the
manufacturing process, including powder scale (gas atomization), SPS
process, solutionizing, and aging. Advanced characterization techniques
were used to analyze the microstructural features of the developed
powder and consolidated compacts to validate thermodynamic calcu-
lations. Moreover, the SPS and heat treatment parameters were opti-
mized based on microstructural assessments and physical and
mechanical properties to obtain nearly fully dense materials.

2. Experimental methods
2.1. CALPHAD calculations

The commercially available TCNI11 database in ThermoCalc 2022a
software (Solna, Sweden) were utilized to calculate isopleth phase dia-
grams, mass molar fractions, and solidification curves using the Lever
role (equilibrium state) and Gulliver-Scheil classic model (non-equilib-
rium state). Based on the calculations, an octonary CoNi-based HESA
with a nominal composition of Co-35Ni-8Al-4Ti-4V-2Ta-2W-9Cr (at.
%) with a high AS;; value of 1.568R as our target alloy was selected.
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The corresponding powder was produced through Ar gas atomiza-
tion by CEIT (San Sebastian, Spain, Spain) The powder’s characteristics
and morphology were analyzed using X-ray diffraction (XRD, Empyrean,
PANalytical) and field-emission gun scanning electron microscope
(FEGSEM, Apreo 2S, ThermoFisher Scientific), equipped with energy
dispersive spectroscopy (EDS) and electron backscattered diffraction
(EBSD) detectors (Oxford Instruments).

2.2. Consolidation and heat treatment

After sieving the powder was consolidated via SPS using an HP D 25/
3 furnace (FCT System, Germany) in a 20 mm cylindrical graphite die at
various temperatures (1150 °C and 1175 °C), holding times (5-10 min),
and heating rates (100 and 400 °C.min"') with an applied compaction
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pressure of 50 MPa in a vacuum. The density of the SPS processed
samples was measured using the Archimedes method, according to ISO
18754 standard.

Solution and aging heat treatments on the optimized SPS samples
were performed. To explore the effect of heat treatment parameters, we
designed experiments based on the cooling medium after solutionizing
and aging temperature. For quenching after solutionizing at 1190 +
10 °C for 2 h, we selected air and water mediums. The solutionized
samples were aged at 800 °C, 900 °C, and 1000 °C for 24 h, followed by
water quenching.

2.3. Characterization

To investigate the microstructural characteristics of the samples,
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Fig. 1. CALPHAD calculations of the developed CoNi-based HESA using different approaches: (A) calculated isopleth section of XCo-YNi-8Al-4Ti-4V-2W-2Ta-9Cr
(at. %) showing the variation of Ni at the expense of Co; (B) phase diagram of alloy Co-35Ni-8A1-4Ti-4V-2W-2Ta-9Cr (at. %); and (C) solidification pathway of
Co-35Ni-8Al-4Ti-4V-2W-2Ta-9Cr (at. %) based on the Scheil solidification model.
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cross sections of the SPS-processed, solutionized, and aged materials
were prepared by first mechanically grinding and polishing the surfaces
to a 1 pm grit size using a series of diamond pastes. The final polishing
step was then carried out using the oxide polishing suspension (OPS)
technique, which involved using a 40 nm colloidal silica suspension to
achieve a smooth and flat surface for analysis. The relative density (RD)
and y’ percentage values were determined from optical microscope (OM,
Olympus BX51) and high resolution SEM images using the ImageJ
software [46], respectively. Kalling etchant reagent was used to etch all
samples for 20-30 s after final polishing by the OPS solution. The EBSD
micrographs were collected on the powder cross-section and SPS pro-
cessed parts as well as the solutionized samples, with a step size of
0.5-0.7 pm, an accelerating voltage of 20 kV, and a beam current of 3.2
nA. The AZtecHKL acquisition software was used for imaging and
orientation data analysis. The Vickers microhardness was conducted
using the INNOVATEST instrument by applying a 1 kg load and a 10 s
dwell time at room temperature. At least three measurements were
taken to determine the average hardness values. Micro-tensile samples
with dog-bone shapes were prepared using electro-discharge machining
(EDM). The samples had a central section measuring 4 mm in length and
1 mm in width. Tensile tests were conducted at room temperature using
a 10 kN micro-tensile testing machine from Kammrath and Weiss,
following the guidelines outlined in ASTM E8/E8M [47]. At least two
tests were taken to determine the average tensile properties.

3. Results and discussion

3.1. Assessing segregation and TCP phase formation through CALPHAD
and HEAs calculations

Building on previous research by the authors [28], segregation and the
formation of TCP phases during the atomization, spark plasma sintering
(SPS), and heat treatment processes of a 36Co-35Ni-8Al-4Ti-4V-2Ta—
2W-9Cr (at. %) alloy was further investigated. Fig. 1A depicts the isopleth
section of XCo-YNi-8Al-4Ti-4V-2W-2Ta-9Cr (at. %) plotted against Ni
variation at temperatures ranging between 700 and 1500 °C, with other
elements kept constant. It can be seen that by increasing Ni content, the g
phase zone decreases, and y' solvus temperature increases. Lass [20] re-
ported the formation of a # phase bubble in a Co-Ni-Al-W system using the
TCNI8 database, which has not been experimentally confirmed. Liang et al.
[48] also suggested that the formation of $ phase in a high-Cr CoNi-based
superalloy, using the TCNI8 database, is related to the Cr and Ni contents.
They concluded that to avoid g and ¢ phase formation, the Cr content
should not exceed 20 at. %. Balancing Co and Ni concentrations is essential
for achieving the highest AS,;; value. According to Fig. 1A, the Ni content
can be increased up to 35 at. % without formation of  phase. Therefore, we
selected an alloy with 36 at. % Co and 35 at. % Ni with AS;;;, = 1.568R for
further investigation. The phase diagram of the selected composition
Co-35Ni-8Al-4Ti-4V-2W-2Ta-9Cr is presented in Fig. 1B, which indi-
cate the potential formation of p and ¢ phases at temperatures below
~850°Cand ~650 °C, respectively. Thus, there is a broad range of possible
heat treatment temperatures above 850 °C.

In the non-equilibrium state (atomization process), the solidification
pathway of the selected alloy was investigated, and the result is shown in
Fig. 1C for the Co-35Ni-8Al-4Ti-4V-2W-2Ta-9Cr composition. The
solidification curves reveal the thermal history of the alloy during so-
lidification and provide valuable information about the formation of
different phases. Upon analysis of the solidification curves, there is a
narrow temperature range of between 1150 and 1200 °C, where the
formation of # phase takes place. This suggests that controlling the so-
lidification is crucial to obtain the desired phase composition and
microstructure. In addition, the formation of the  phase is dependent on
the alloy composition, with a higher Ni content leading to a decrease in
the § phase zone, as discussed earlier. Overall, understanding the so-
lidification pathway and the temperature range for the formation of
different phases is essential for controlling the microstructure and
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properties of the alloy.

The CALPHAD calculations have determined that a single-phase
solid solution can be obtained at a temperature above 1150 °C in the
equilibrium state and 1200 °C in the NE state. The cooling during so-
lidification and even heat treatment will play a significant role in con-
trolling the phase transformation. Therefore, controlling the cooling rate
will be crucial in achieving the desired microstructure and properties.

The selected composition’s ASy; value of 1.568R indicates that
incorporating eight elements will increase degree of randomness, lattice
distortion, and lead to sluggish diffusion, which may affect the experi-
mental results [49]. The incorporation of multiple elements with
different atomic sizes makes it difficult for atoms to diffuse to their
intended positions, slowing down diffusion (sluggish diffusion). As a
result, the material’s synthesis and processing conditions must be
carefully controlled to minimize the formation of unwanted phases.

In the design of HEAs, various thermodynamic parameters need to be
considered to predict phase formation and stability. One important
parameter is the atomic size difference parameter (5,), which has been
found to be particularly effective in predicting the formation of inter-
metallic phases and phase separation in HEAs [49,50]. This is because
when there is a high misfit in atomic size between different elements, it
leads to significant lattice strain, which can result in phase instability
and the formation of intermetallic compounds.

The &, value is a measure of the degree of deviation from ideality in a
solid solution. A value higher than the critical value of 6.6 % indicates
that the solid solution is not random, and there is a tendency towards
phase separation. In contrast, a §, value lower than the critical value
suggests that the solid solution is random, and that phase separation is
not likely to occur. The §, parameter can be calculated using the
following equation:

8, =100%/ Y ci(1 —r/P)?

Here, c; represents the atomic fraction of the ith element in the alloy,
ri is the atomic radius of the ith element, and 7 is the average atomic
radius of the alloy F = >ocir). For the
Co-35Ni-8Al-4Ti-4V-2W-2Ta-9Cr alloy, the &, value has been calcu-
lated to be 5.46 %, which is lower than the threshold value of 6.6 %. This
suggests that after solidification, a random solid solution is expected to
be obtained rather than phase separation or intermetallic formation.

3.2. Powder characterization

Fig. 2 presents detailed information on the characterization of the
CoNi-HESA powder utilized in the study. In Fig. 2A, the morphology of
the gas-atomized powder is displayed, showcasing near-spherical par-
ticles, with some small satellites, and a particle size distribution with
values of D1g = 52.5 pm, Dsp = 76.6 pm, and Dgg = 117.0 pm. To gain
insight into the powder’s structure and composition, Fig. 2B-C-D depicts
the results of XRD, EBSD, and EDS analyses, respectively. These analyses
reveal a single-phase FCC crystal structure with a small amount of BCC
phase (0.6 %), indicating the micro-segregation of Ti and Ta without the
formation of TCP phases during the rapid solidification process
employed in gas atomization. Solidification segregation is a common
challenge encountered during the atomization process of CoNi-based
superalloys according to Knop et al. [38]. This phenomenon refers to
the non-uniform distribution of alloying elements within the solidified
material. It occurs due to variations in the cooling rates and solute
partitioning during solidification, leading to the formation of localized
regions enriched or depleted in certain elements.

Based on the solidification pathway in the NE state (Fig. 1C), the
formation of the p phase is possible. In order to confirm whether the
detected small amount of BCC phase corresponds to the p phase, the
elemental distribution of Co, Ni, Al, Ti, and Cr from the EBSD map of the
powder cross-section is presented in Fig. 3. Notably, Al and Ti exhibit
significant contributions within the BCC area, and their distribution
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Fig. 2. (A) SEM micrograph of the gas atomized powder showing spherical morphology with a few satellites on each particle. The particle size distribution was added
as an inserted table, (B) EBSD phase map and grain boundary analysis of powder cross-section, (C) XRD pattern, and (D) EDS elemental mapping collected on the

prepared gas atomized powder (EBSD and EDS collected simultaneously).

aligns well with the BCC phase map. As discussed in Section 3.1, the
precipitation of the p phase is influenced by the content of Cr and Ni.
Additionally, the formation of the § phase is strongly influenced by the
content of Al and Ti, with Ti playing a key role in promoting the pre-
cipitation of the B phase from Al. The addition of Ti effectively en-
courages the formation of the f§ phase, resulting in its increased presence
in the alloy [51,52]. Wen et al. [53] reported the formation of the f
phase in both as-solidified and aged conditions for a CoNi-based su-
peralloy with 6 at. % Cr and 13 at. % Al, indicating that a higher amount
of Al can directly lead to the precipitation of the § phase. Moreover, the
addition of Ni can expand the y+y' region (as shown in Fig. 1A), allowing
for higher amounts of these elements to be incorporated [15]. The
expansion of the y-+y' region facilitated by Ni addition also enables an
increase in Cr content [22].

Table 1 displays the chemical composition of the gas-atomized

powder, collected at the cross-section of particles, as determined by
EDS analysis. The composition closely aligns with the nominal compo-
sition of the CoNi-based HESA developed using ThermoCalc. However,
there are slight differences observed for Al, Ti, and Ta between the
nominal values and the measured values for the powder. These dis-
crepancies may be attributed to micro-segregation effects and the for-
mation of oxides and nitrides during the atomization process.

Upon examining the chemical analysis of the SPSed sample, it is
evident that the elemental values are relatively uniform. However, there
is still a 1.2 at. % difference observed for Ti compared to the nominal
value. This difference can be attributed to the formation of nitrides, as
will be discussed later. Furthermore, the actual value of AS,,;, deter-
mined from the EDS results for both the powder and the consolidated
HESA sample, is found to be 1.602R and 1.558R, respectively. The
consolidated sample demonstrates a AS;, value that closely matches the
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Al

Ti

Cr 50 um

Fig. 3. Elemental Distribution in the BCC Phase. The data was obtained from EBSD results of the powder cross-section, with the exclusion of the FCC phase in order

to specifically detect and analyze the distribution of elements in the BCC phase.

Table 1
The nominal and experimental (measured by EDS analysis) chemical composition of the gas-atomized powder in conjunction with their AS,;.
Chemical composition (at. %) ASix
Co Ni Al Ti \4 w Ta Cr
Nominal 36 35 8 4 4 2 2 9 1.568R
Powder 35.7+1.5 354 +0.5 7.4+03 3.2+1.2 4.1+0.1 22+04 3.2+1.2 9.4+0.2 1.602R
SPS - C 36.1 +£0.11 35.5 +0.08 7.3 +£0.04 2.80 4.3 +0.04 2.2 +0.04 2.4 +0.04 9.4 +0.04 1.558R

nominal value, indicating a close alignment with the desired
composition.

3.3. Consolidation process by SPS

The experimental layout of the applied SPS process at different times,
temperatures, and heating rates is reported in Table 2. Based on the bulk
density and relative density measurement results, the maximum densi-
fication without open porosity was achieved in sample C, sintered at
1175 °C for 10 min with a heating rate of 100 °C.min . The schematic
of the SPS process and applied sintering profile for sample C is plotted in

Table 2

Fig. 4A and B. During the SPS process, the extent of sintering shrinkage
of the powder can be tracked and measured through the displacement
curve, where a positive displacement value corresponds to the shrinkage
of the system. The SPS process can be divided into five segments: vac-
uum creation, pressing, heating, holding, and cooling. In the first 3 min
and 48 s vacuum was created, and the load was increased to 5 kN, which
is the minimum value required for achieving good electrical contact
between electrodes and tool setup. Subsequently, in the pressing
segment, the load was further increased to 16 kN, resulting in a
compaction of the powder. By heating, the tool setup expands up to ~10
min and 42 s (=915 °C), where the shrinkage by powder sintering

Design layout of the SPS process parameters, as well as the measured bulk and relative density of the SPS processed HESA samples. The applied pressure was 50 MPa.

Sample Temperature (°C) Heating time (min) Heating rate (°C/min) Density (g/cm®) Open porosity (%) Relative density (%)
SPS-A 1150 10 100 8.55 0.2 99.84 £ 0.12
SPS-B 1150 400 8.53 0.2 99.72 £ 0.17
SPS-C 1175 100 8.56 0.0 99.90 + 0.04
SPS-D 1175 7 100 8.53 0.0 99.41 £+ 0.27
SPS-E 1150 15 400 8.52 0.1 99.59 £+ 0.38
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Fig. 4. (A) Schematic of the SPS configuration and pellet dimension. (B) The piston displacement, load, and temperature against time for consolidation of the CoNi-
based HESA powder SPS processed at 1175 °C for 10 min with a heating rate of 100 °C.min~" under an applied pressure of 50 MPa.
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Fig. 5. (A) Optical micrographs at the cross-section of SPS samples showing porosity. (B) Backscattered SEM micrographs of the SPS processed HESA at different
processing conditions.
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exceeds the thermal expansion. After 13 min and 30 s (1175 °C), the
sintering starts, and after 20 min and 30 s, densification is completed,
and the additional holding time at 1175 °C does not induce extra
shrinkage.

3.4. Microstructure observation of SPS processed HESA

Optical and scanning electron microscopy - The optical images
(Fig. 5A) and backscattered SEM micrographs (Fig. 5B) of the SPS pro-
cessed samples at different conditions were used to analyze porosity and
grain structures after consolidation. The optical micrographs showed
porosity distribution where sample C had the lowest remnant porosity in
the consolidated part. Also, it is seen that there was a homogeneous
distribution of the grains in all samples. Based on the SPS processing
condition, remnant pores were also seen on the SEM micrographs sup-
ported by the relative density measurements. To assess the potential
reason for remnant porosity in the final SPS processed parts, the SPS
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process optimization strategy was elaborated.

At first, based on the isopleth phase diagram calculation shown in
Fig. 1A, powders were sintered at 1150 °C for 10-15 min at different
heating rates of 100 and 400 °C.min"*. The Micrographs for samples B
and E showed irregular remnant pores at the grain boundaries, which
meant that the prolonged SPS did not assist with pore removal.
Considering the heating rate at a constant sintering time (10 min) and
temperature (1150 °C), for instance, samples A (heating rate of 100 °C.
min~") and B (heating rate of 400 °C.min’1), it was noticed that there
was more evidence of incomplete sintering. Thus, a higher heating rate
results in a lower relative density and more porosity with irregular
morphology. The SPS consolidation temperature was increased to
1175 °C with a constant heating rate of 100 °C.min ! at two dwell times
of 7 min (sample D) and 10 min (sample C). When the dwell time was 7
min, based on the time vs. displacement curve in Fig. 4B, the SPS
consolidation cycle is very close to the starting point of the complete
densification. Hence, lower sintering time can describe highly

404

Frequency (%)

Powder SPS-C

Fig. 6. EBSD micrographs from the SPS processed CoNi-HESA, (A) IPF-Z maps and pole figure, (B) phase maps and grain size analysis, (C) typical LAGBs (2-15°) and

HAGBs (>15°) analysis of powder and SPSed sample C.



A. Mohammadzdeh et al.

populated, irregular pores in sample D compared to sample C. Thus, the
optimum SPS cycle, shown in Fig. 4B, resulted in the highest relative
density of 99.9 %.

Texture and phase analysis — The EBSD analysis was carried out to
characterize texture, grain size and phase fraction of FCC and BCC and
the results are shown in Fig. 6. Inverse pole figure (IPF-Z) maps (Fig. 6A)
shows grain crystallography and twinning. During SPS process, a uni-
axial pressure is applied on powder, however, no evidence of a strong
texture was seen in the EBSD maps of the SPS processed samples in the
applied pressure direction (height or Z-direction), and equiaxed grains
(see pole figure map) with minimal grain growth due to short processing
time at elevated temperatures was observed. When the dwell time at
maximum temperature is low, there is a possibility for incomplete sin-
tering, as evident in Fig. 6A and sample D. Specifically, two areas were
detected (white, dash circles) on the EBSD IPF-Z map in which the
starting powder with diameters of 63-100 pm trapped within the matrix.
This occurrence can be attributed to the incomplete diffusion process
required for neck growth. When the diffusion process is not fully
completed, the particles retain their original diameter and shape, thus
remaining unchanged within the final product.

Fig. 6B illustrates the EBSD phase maps obtained from the SPS pro-
cessed samples. Referring to the solidification curve in the NE state
((Fig. 1C), there is a possibility of p phase formation at temperatures of
1150 °C and 1175 °C. However, the EBSD results reveal a single phase
FCC crystal structure with a fraction of ~99.9 %. Comparing these
findings with the CALPHAD results in the equilibrium state (Fig. 1A and
B) and the EBSD phase maps, it can be inferred that successful consoli-
dation via SPS resulted in the formation of a single FCC phase HESA
material.

Fig. 6C presents the fraction of low-angle grain boundaries (LAGBs)
and high-angle grain boundaries (HAGBs) in both the atomized powder
and the SPS processed sample C. LAGBs are defined as grain boundaries
with angles between 2 and 15°, while HAGBs have angles greater than
15°. The analysis reveals that the atomized powder initially possesses a
significant amount of LAGBs, accounting for 21.3 % of the total grain
boundaries (as shown by arrows in Fig. 2B). However, after undergoing
the SPS process, the proportion of LAGBs decreases substantially to 3.22
%. Post-SPS, the majority of the grains are associated with HAGBs. In the
case of sample C, approximately 96.8 % of the grain boundaries fall into

N\\‘
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the HAGB category. This suggests that the consolidation process resulted
in the formation of grains with larger sizes and a greater prevalence of
HAGBES, indicating localized recrystallization and grain growth.

Elemental analysis - Elemental analysis using EDS mapping was
employed to study possible precipitation of unwanted secondary phases
or intermetallic compounds at the grain boundaries. Fig. 7 shows the
elemental analysis, grain boundaries, and y/y' distribution of the SPS
processed sample B. In Fig. 7a, it is apparent that no precipitates were
present at the grain boundaries and there were no topologically closed
packed (TCP) phases, in agreement with our thermodynamic calcula-
tion. The small dots observed in the Ti and nitrogen N maps correspond
to the presence of Ti-rich nitride. These nitrides are primarily a result of
the melting process that occurs during atomization. In Fig. 7a-c with
higher magnification of the SEM micrographs, a uniform and fine y'
distribution was observed. As an advantage of the SPS process, the grain
structure remains small, close to the one characteristic of the powder
feedstock. Thus, homogenization and solutionizing of the CoNi super-
alloy at a short dwell time can minimize grain growth which could be
beneficiary to the mechanical properties. Finally, it should be taken into
account that the FCC phase within the microstructure contains disor-
dered FCC (y) and ordered FCC (y) phases (see Fig. 7c).

T(°C
Q) Solutionizing ;
Aging
T, 1165 °C
1190+10 4 __Z_h__ . .. del
24h
10006 -
9005 4
80044 -
Water
RT

Time

Fig. 8. Heat treatment cycles including solutionizing and aging.

":& R0
SRR,
DEGINEN TS«
Fig. 7. (a) Elemental analysis using EDS map of sample B, and (b,c) backscattered SEM micrographs from the grain boundaries of sample B. Grain boundaries are
shown using dash lines.
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3.5. Analysis of heat treated SPS processed CoNi-HESA

The heat treatment cycles were applied to sample C, as shown in
Fig. 8. Drawing from our previous experience with the solvus temper-
ature of the y' phase in the alloy composition and CALPHAD calcula-
tions, a solutionizing treatment was conducted at 1190 + 10 °C for 2 h,
followed by rapid cooling through water quenching and standard cool-
ing via air quenching. Subsequently, the solutionized samples under-
went aging at temperatures of 800 °C, 900 °C, and 1000 °C for 24 h to
validate the accuracy of the CALPHAD calculations for the developed
CoNi-based HESA. Since the isopleth section and phase diagram are
plotted under equilibrium conditions, it becomes crucial to validate the
CALPHAD predictions after subjecting the samples to heat treatments
that bring them closer to the equilibrium state. These heat treatments
serve to validate the accuracy of the CALPHAD calculations and verify
their applicability in predicting the phase transformations and micro-
structural evolution in the developed CoNi-based HESA material.

Microstructure observations of the solution heat-treated CoNi-
HESA - In Fig. 9A, the EBSD IPF-Z and phase maps of solution heat-
treated (SHT) samples are shown. No significant grain growth was
observed in the SHT samples, as demonstrated in Fig. 9B, compared to
the SPS-processed ones. Equiaxed grains with a uniform size distribution
were observed. The grain size of the gas-atomized powder was measured
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to be 3.5 + 2.7 pm, which increased to 7.2 4+ 5.1 pm in sample C. When
the samples were solution-treated followed by water and air cooling, the
average grain size remained almost unchanged at 6.9 + 5.1 ym and 8.4
+ 5.5 pm, respectively. Cao et al. [19] reported a significant grain
growth in a W-free Co-based superalloy produced by casting, cold rolling
followed by solutionizing at 1200 °C with a final mean grain size of 38
=+ 5 pm. One main advantage of the SPS process is quick consolidation
leading to the formation of fine grain structured products.

The phase map results collected on the SPS processed parts showed
less than 0.1 % BCC phase in the microstructure which could also be
considered as noise. After SHT, it was seen that the fraction of the BCC
phase (green color) slightly increased to 0.2 % (water-quenched) and
0.5 % (air-quenched). According to the isopleth phase diagram shown in
Fig. 1A, a wide temperature range exists (~1100-1240 °C) for solutio-
nizing the designed composition to obtain a single phase FCC structured
alloy. The presented EBSD phase maps of the solutionized samples
validated the thermodynamic calculations, and the microstructure was
mainly a single-phase FCC structure. To better understand the nature of
the detected BCC phase, the EDS detector was inserted simultaneously
with the EBSD detector in the case of the water-quenched sample.
Regarding the elemental analysis using EDS mapping (see Fig. 9C), the
only possible BCC phase that might be formed based on the isopleth
phase diagram is the g phase rich in Al and Ti. No TCP precipitations
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Fig. 9. (A) EBSD micrographs from the SPS processed HESA sintered at 1175 °C for 10 min with a heating rate of 100 °C.min ! (sample C). (top) IPF-Z maps and
(bottom) phase maps and grain size analysis results. Samples were solutionized 1190 + 10 °C for 2 h followed by air-cooling or water-quenched conditions. (B)
Analysis of mean grain size in the used gas atomized powder, SPS processed samples, and solutionized specimens. Results were compared with wrought Co-based
HESA [19]. (C) Elemental analysis using EDS mapping of the SPS processed sample after solutionizing followed by water cooling. Results were collected on the same

area in which the EBSD data was collected.
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were detected in the indexed area, and the matrix was mainly an FCC
solid solution structure.

Microstructure observations of the aged HESA — To further improve
the mechanical properties of the solution heat treated samples, aging
treatment was applied. Fig. 10 shows backscattered electron SEM mi-
crographs of samples aged at different temperatures. Regardless of the
SHT process (being air-cooled or water-quenched), the microstructure
showed a fine grain structure. Also, no notable grain growth as well as
the secondary and TCP phases were seen. To evaluate the impact of
aging temperature on morphology, size, and distribution of y/y, SEM
micrographs at higher magnification were collected. After etching with
the Kalling solution, the black areas are associated with y phase, and the
white areas correspond to y’ phase. Comparing the microstructure of the
aged samples as a function of cooling conditions after SHT, it was found
that the size of the y’ phase was slightly bigger in the air-cooled sample
compared to the water-cooled sample (particularly aged at a lower
temperature, i.e., 800 °C). Also, the size of y’ precipitates increased with
increasing aging temperature. In terms of the shape, y' precipitates with
round morphology formed in the microstructure of the ages samples.
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Interestingly, a prolonged aging treatment at 1000 °C for 24 h resulted in
no precipitate formation, i.e., TCP phases, at the grain boundaries. To
validate our observations as well as the CALPHAD prediction, elemental
analysis was performed using EDS mapping at the grain boundaries and
results were shown in Fig. 11. TCP phases, such as p and ¢ phases, can
occur in CoNi-based superalloys, and their presence can significantly
degrade the creep properties of these alloys [36]. In a study by Zhuang
et al. [22], a septenary CoNi-based superalloy was developed using the
CALPHAD method with the PanCo database, but the formation of TCP
phase rich in Ti, W, and Ta (4 phase) was observed despite not being
predicted in their calculations. In another work by Liang et al. [37],
high-Cr CoNi-based superalloys were developed using the TCNI8 data-
base in their calculations. They reported the formation of ¢ phase in
Co-30Ni-30Cr-5A1-5Ti (at. %) by CALPHAD prediction and experi-
mentally observed it after aging at 900 °C for 220 h. Our calculations
suggest that the formation of ;¢ and ¢ phase is possible at temperatures
lower than ~850 °C, as indicated by the phase diagram (Fig. 1B). Given
the possibility of y phase formation at temperatures lower than ~850 °C,
it is noteworthy that our results did not show any evidence of its
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Fig. 10. Backscattered electron SEM micrographs collected from the (A) SHT sample and air-cooled and (B) SHT sample and water-quenched, both followed by aging
treatment at different holding temperatures. Micrographs with two magnifications were presented to observe grain structure (low magnification), and y/y’ interface
and their distribution (high magnification). After the SPS, sample C was selected as an optimized consolidated condition for additional heat treatment including
solution treatment (air-cooled or water-quenched and aging followed by water-quenching.
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Fig. 11. EDS elemental analysis at the grain boundaries of the SHT sample C followed by air-cooling, then aged at two temperatures for 24 h.

formation under these conditions. Therefore, we can conclude that
sluggish diffusion and random solid solution result from high entropy
and small misfit. The complex chemical composition, intentionally
designed to promote the “cocktail effect,” effectively controls phase
stability and prevents the formation of deleterious secondary phases and
TCP phases along the grain boundaries [49,54-56]. This phenomenon
can be attributed to the presence of eight elements in an FCC crystal-
lographic structure, which results in a AS;;, value of 1.558R.
According to the phase diagram analysis presented in Fig. 1B, the
volume fraction of y' is predicted to vary at different temperatures. At
800 °C, the maximum predicted amount of y' is approximately 46 %.
However, the calculated fraction of ' for the air and water cooled
samples is 68.69 + 0.97 % and 72.61 + 2.55 %, respectively. These
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experimental values indicate a higher fraction of y' compared to the
predicted value. As the aging temperature increases, the fraction of 5’
decreases to 65.17 £+ 12 % and 65.45 + 0.49 % for the air- and water-
cooled samples, respectively. At 900 °C, the predicted value for the y/
fraction is 42.5 %, which does not align well with the CALPHAD pre-
diction. However, it is important to note that the trend observed in both
the predicted and experimental values remain consistent, as the y’
fraction decreases with an increase in aging temperature.

3.6. Mechanical properties

Microhardness measurements — Vickers microhardness measure-
ments were carried out on the developed CoNi-based HESA, and results
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Fig. 12. (A) Vickers microhardness measurements on the SPS processed sample C, solutionized and differently aged HESA. (B) Engineering stress-strain curve of
SPSed sample C subjected to SHT + WQ and aged at 900 °C followed by water quenching.
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are shown in Fig. 12A. The microhardness of the SPS processed sample
was 397.5 HVj, in agreement with the previously reported values in the
family of CoNi-based superalloys [23,57]. After solutionizing followed
by water-quenching, the microhardness value decreased more than the
air-cooled sample. In other words, the microhardness of the air-cooled
sample was very close to the SPS processed one, meaning that the
air-cooling condition might not be an appropriate pathway to attain a
supersaturated solid solution HESA before aging. Thus, solutionized and
water-quenched (SHT + WQ) samples had a meaningful microhardness
enhancement after aging. By increasing the aging temperature from
800 °C to 900 °C, the microhardness value increased from 350.5 HV;
(aged at 800 °C) to 395.4 HV; (aged at 900 °C). Further, increasing the
aging temperature to 1000 °C did not enhance the microhardness value,
suggesting potential over-aging started. Considering the size of y’ pre-
cipitate after SHT + WQ followed by aging treatment at 1000 °C (see
Fig. 10B), it was obvious that y' coarsening has occurred, which could be
inappropriate for mechanical properties. Hence, based on the micro-
hardness values and microstructural observations, solutionizing at
1190 °C followed by water-quenching and aging at 900 °C (water
quenching) is recommended for the developed CoNi-based HESA via the
SPS process.

Tensile properties — The room temperature tensile results of Sample
C (SHT + WQ and aged at 900 °C) are depicted in Fig. 12B. The inclusion
of two curves representing measurements from the same sample was
employed to improve the precision of the tensile property evaluation.
The obtained values for yield strength, ultimate tensile strength (UTS),
and elongation were determined to be 612.5 + 37.5 MPa, 760 + 25.26
MPa, and 9.68 + 0.28 %, respectively. Comparing the room temperature

VD mag =® 1FW
Amm 1200 x 106 ym
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tensile properties of the SPSed and heat-treated sample to other
outstanding CoNi-based superalloys, as indicated in previous studies
[58,59], it is evident that the sample exhibits moderate tensile proper-
ties. This moderate behavior can be attributed to the formation of ox-
ides, nitrides, and carbides during the Argon gas atomization process
and thermal-induced porosities (TIPs) during heat treatment. The
presence of impurities negatively impacts the tensile properties of the
alloy. Furthermore, the incomplete bonding between particles observed
in the EBSD results, particularly the presence of prior particle bound-
aries (PPBs), contributes to the compromised tensile results. Despite
achieving a relative density of 99.9 % after the SPS process, the PPBs
hinder complete bonding between the particles, thereby affecting the
overall tensile strength and performance of the material. Similar find-
ings have been reported by Sergi et al. [60] in their investigation of
atomized IN 625 powder processed through hot isostatic pressing (HIP).
They also observed incomplete bonding between particles, which had a
detrimental effect on the mechanical properties of the alloy. Thus, it is
crucial to conduct both powder production and sintering processes in a
high-purity atmosphere to avoid the formation of oxides and nitrides,
which can compromise the integrity and strength of the resulting ma-
terial. According to the findings of Appa Rao et al. [61], the densification
of consolidated IN718 through the HIP process is not influenced by the
oxygen content. However, their research revealed that the formation of
detrimental phases, such as PPBs, occurs more prominently in the HIPed
material when using powder with high oxygen content.

Fractography — In PM samples, fractography analysis is particularly
valuable for monitoring the influence of segregated elements and
detrimental secondary phases. For this study, Fig. 13 illustrates the use
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Fig. 13. Fractographic analysis of the fracture surface from the tensile test (Sample C, SHT + WQ and aged at 900 °C followed by water quenching).
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Fig. 14. EDS maps illustrate the elemental distribution on the fracture surface of the tensile sample, specifically corresponding to the region highlighted by the
yellow circle in Fig. 13A. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

of SEM to examine the fracture surface of the tensile test samples at both
macro (lower magnification) and micro (higher magnification) scales.
Upon analyzing the collected fractography images, no evidence of
segregated elements or TCP phases was found. The primary fracture
mechanism observed at the macro level indicates an inter-particle
fracture, suggesting a brittle fracture occurring between the particles
(Fig. 13A).

However, there are indications of certain micro-mechanisms at the
particle interface, also known as the bonding zone, which involves a
semi-cleavage pattern (see Fig. 13C). Additionally, the formation of
ductile micro-voids is observed, likely resulting from micro-plastic
deformation occurring prior to sample yielding and fracture. More-
over, the presence of ductile dimples on the surface of the fractured
particle suggests a transgranular fracture mechanism (Fig. 13 D), indi-
cating a semi-ductile to brittle fracture behavior. These findings high-
light a complex fracture mechanism with both ductile and brittle
characteristics operating at the microstructural level.

To further investigate the composition, EDS analysis was performed
on a particle (highlighted by a yellow circle in Fig. 13A), and the results
are presented in Fig. 14. The elemental distribution maps reveal a higher
concentration of Ti- and V-rich nitrides without evidence of TCP phases
or segregated intermetallics during manufacturing. Additionally, the
EDS results indicate the presence of oxides and carbides. Overall, it is
evident that the presence of PPBs has a significant influence on the
tensile properties of the sample. The observation of inter-particle frac-
ture, along with the impact of PPBs collectively contribute to the me-
chanical behavior of the material.

4. Conclusions

A novel high entropy superalloy design strategy was introduced
based on CALPHAD calculations and HEAs principles. In this study, an
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octonary and single phase (FCC) CoNi-based HESA powder with AS;;, =
1.602R is successfully developed and consolidated using the SPS pro-
cess. The SPS process parameters, including temperature, dwell time,
and heating rate were optimized. Based on the CALPHAD calculations
(TCNI11 database in ThermoCalc software), density measurements,
mechanical properties, and microstructural observations, the optimum
SPS condition was obtained at 1175 °C for a dwell time of 10 min and a
heating rate of 100 °C.min"!. Several heat treatment cycles were
designed to achieve optimum post heat treatment cycles. The criteria of
heat treatment pathway optimization were based on mean grain size,
distribution and size of y precipitates, and Vickers microhardness
values. Solutionizing at 1190 + 10 °C for 2 h followed by water
quenching resulted in grain size values of 6.9 &+ 5.1 pm, similar to the
measured mean grain size values of the SPS processed sample attained
under the optimum condition. Further post heat treatment consisting of
aging at 900 °C for 24 h followed by water quenching led to the for-
mation of uniformly distributed fine y’ precipitates in the y matrix
without forming unwanted secondary precipitates and TCP phases in the
matrix and grain boundaries. The results of this research have the po-
tential to revolutionize the advanced manufacturing of CoNi-based
HESAs for use in high-temperature environments.
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