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Abstract

New face-centered cubic (FCC) multicomponent alloys designed through the high-entropy (HEA)
concept and strengthened with L1, ordered precipitates are promising material solutions for high
temperature (HT) structural applications. However, as the design strategy is based on multi-principal
elements, the research of alloy compositions exhibiting a stable and well-controlled FCC+L1,
microstructure at HT is particularly challenging. Among the critical issues, those relative to the extent
and the stability of the FCC+L1, two-phase region in the wide compositional space have to be
addressed. Here, we performed high-throughput Calphad calculations in the senary Al-Co—-Cr-Fe—-Ni—
Ti system in the 800°C-1000°C range to screen alloy compositions exhibiting duplex FCC+L1,
microstructures. From the 79 695 analyzed compositions, we show that roughly 6% of the total own
duplex microstructure at 800°C and 1000°C. Calculations suggest that Cr and Fe additions destabilize
the two-phase region. Interestingly we found that Fe is a good candidate to substitute Co or Ni in the
FCC phase and potentially induce some solid solution strengthening effects. Finally, the present
results allow to propose an original 2D visualization method of the two-phase FCC+L1, region in the
complex compositional space. The method is based on the relative influence of the alloying elements
on the formation of such microstructure. To assess the reliability of calculations, six alloys were
designed and characterized. A good agreement is found between predictive calculations and
experimental results except for Cr- and Al-free alloy compositions in the quaternary Co—Fe—Ni-Ti
system, due to the absence of description of the t phase with (NiosC00.5)3Ti composition in the selected

thermodynamic database.
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1. Introduction

Progress in high social impact fields relies on the development of new materials solutions with
enhanced functional and/or structural properties. Beyond the incremental improvements of existing
solutions, new alloy design strategies have emerged. Among the most attractive recent approaches, the
one based on the mixing of multi-principal base elements has paved the way for 15 years and has led
to the study and the development of new complex materials, so called high entropy alloys (HEAS).
Initially motivated by the idea to explore central parts of phase diagrams or to produce concentrated
solid solutions by maximizing the configurational mixing entropy of the system [1,2], the concept
offers a breakthrough in the approach of alloy design [3]. The initial high-entropy concept as
developed by Yeh et al. revisits the whole notion of alloying, with the initial motivation to design

multi-component metallic materials with single-phase solid solutions.

The first generation of HEAS has received much attention in the past 10 years and has been mainly
focused on two families: alloys based on 3d transition metals which often display face centered cubic
(FCC) crystal structures [4,5] and alloys based on refractory elements with body-centered cubic (BCC)
microstructures [6-8]. The development of the first family has been relied on the quinary equiatomic
CoCrFeMnNi composition (Cantor alloy [1] and its derivatives [4]) which has gained great interest
from the materials science community due to its excellent strength-ductility trade-off compared to
other single-phase conventional alloys [9]. In the Co—Cr—Fe—Mn-Ni system, the Cantor alloy has been
the most extensively studied [10-15]. It forms a “model” of true FCC solid-solution down to the
atomic scale [16] and it is now proved that the FCC domain extends widely in the quinary system [17].
The equiatomic composition offers attractive mechanical properties [10,18,19]: it displays a
temperature independent fracture toughness up to 200 MPa.m*? and also an unusual mechanical
behavior with an increase of both strength and ductility with decreasing temperature [14,19-21]. This
alloy and its single-phase derivatives are considered as potential attractive candidates for structural
applications. However, concentrated FCC solid solutions retain — in many cases — limited mechanical
properties for temperatures up to 800°C, with yield strengths close to 100 MPa and ultimate tensile
strengths down to 200 MPa [10]. Those numbers are far from many requirements, especially if one
considers structural applications in aerospace industry [22]. New microstructures are thus required to

significantly improve high temperature (HT) mechanical properties of the concentrated alloys.

In this specific context, the high entropy alloy concept offers tremendous opportunities. Among the
avenues being explored, the addition of elements in the multi-principal base elements aimed at
producing secondary strengthening phases seems to be the most reliable solution. Such a strategy is
yet challenging due to the chemical complexity of the systems: alloy chemistry must be controlled to
achieve the adequate precipitation (nature of the phases, volume fraction, size of particles) whilst

avoiding the potential formation of phases with detrimental effects on mechanical properties. Indeed,



precipitation of intermetallic phases such as o, p, Laves, L.21, B2 and L1, were observed in many FCC
complex concentrated alloys (CCAs), competing with the entropy-stabilized solid solution [23,24].
Whereas ¢ and Laves phases are brittle and undesirable for HT applications, ordered B2 and L1,
phases appear as ideal candidates to harden the complex concentrated solid solutions. The B2 phase
appears by adding Al in FCC Co—-Cr—Fe—(Mn)-Ni systems [25]. The impact of the heterogeneous
precipitation of the B2 phase on the yield strength could be significant at room temperature, as
recently evidenced by Dasari et al. in the AlosCo15CrFeNiys composition [25]. However, reports on
the effect of such precipitation on the mechanical properties of CCAs at HT are missing. On the
contrary, the precipitation of the Nis(Al,Ti)-L1, ordered phase has recently gathered a great interest in
FCC HEA systems [26-45] (for a review, see [46]). As for Ni-based superalloys, the ordered phase is
achieved in HEAsS/CCAs by minor additions of Al and Ti. Additional elements have sometimes been
incorporated with the aim of stabilizing the ordered precipitates (Cu) [47] or increasing the solvus
temperature of the L1, phase (Nb) [44]. As initially expected, the presence of the coherent L1,
precipitation is an efficient way to achieve an interesting balance between strength and ductility [26—
31]. In addition, the evidence of an exceptional thermal stability of the strengthening phase in the
concentrated FCC solid solution is promising for the future development of such materials solutions
[36]. Moreover, recent research on HEAsS/CCAs points out the beneficial effects of the strengthening

phase on the HT mechanical properties [31,35,43,44].

Nevertheless, reported studies have shown that a well-controlled duplex FCC+L1, microstructure is
difficult to achieve in HEAs/CCAs [26,42,44]. Multiple precipitation is often observed in these systems
with a possible negative impact on the HT mechanical properties [48]. The extent of the FCC+L1, phase
domain is rather limited (temperature and composition ranges) when minor additions of Al and Ti are
introduced in (FCC) equiatomic single phase Co—Cr—Fe—Ni base alloys and low volume fractions of the
strengthening phase are generally observed (<20%) [49,50]. Hence, some efforts on alloying design are
required to optimize crucial microstructural parameters and improve HT resistance of strengthened FCC
HEAS/CCAs. To this aim, and from the recent studies in the field, the different alloying strategies used
to define nominal compositions are mainly based on an incremental approach with thermodynamic
predictions of phase equilibrium. Such an approach has led to the design and the study of strengthened
FCC alloys with dominant base compositions departing from the equimolar one, for instance in the Al-
Co—-Cr-Fe—Ni-Ti [40,44,51] and Al-Co—Cr—Cu-Fe-Ni [42] systems. If properly controlled, such a
deviation from equiatomic proportions may lead to an increase of the volume fraction of L1, phase
giving rise to attractive HT properties [44]. However, there is currently no in-depth study aimed at
mapping and studying the peculiarities of the FCC+L 1, two-phase region in the vast compositional space
of the HEAS/CCAs [46].

In this context, the current research is focused on two main aspects. First, the detailed description of the

two-phase region in the AI-Co—Cr—Fe—Ni-Ti senary system in the 800°C-1000°C temperature range is



performed using high-throughput thermodynamic calculations. The Calphad (CALculation of PHase
Diagrams) method is chosen to screen the alloy space. Among the key issues, the thermodynamic study

will try to address the following points:

o What is the extent of the duplex phase region in the Al-Co—Cr—Fe—Ni-Ti senary system at
800°C and 1000°C?
o Isthere areliable way to visualize the FCC+L1, phase region in the vast alloy compositional
space?
Finally, the design and the study of six complex alloys with FCC+L1, microstructure is conducted to
assess the predictive character of calculations and propose potential new materials solutions for HT

structural applications.

2. Methods

2.1. Calculation method

The prediction of phase equilibria in the Al-Co-Cr—Fe—Ni-Ti system has been performed using the
Calphad approach. The method is based on the calculation of the equilibrium in given conditions by
energy minimization done using a thermodynamic database in which the Gibbs energy of the phases
are described using semi-empirical functions of temperature, pressure and composition. Binary and
ternary systems are optimized on experimental, thermodynamic and DFT data. Higher order systems

are then extrapolated.

Combined approaches/strategies have been proposed in the past few years to design HEAs and more
particularly the systems able to form single solid solutions [52-55]. The approaches often use a
combination of sophisticated tools which require a significant amount of experimental data which is
yet difficult to get in the case of these new L1,-strengthened HEAS [53,54]. The chosen methodology
exclusively based on Calphad is close to that developed by Senkov and coworkers [52] or Bracq et al.
[17] aimed at identifying equimolar alloy compositions with single solid solution microstructure and
studying the phase stability of FCC solid solution in 3d metal transition based-alloys, respectively. We
will show that such an approach is efficient in our study and that the Thermo-Calc database dedicated
to HEAs (TCHEAS3) is well-suited to predict FCC+L1, microstructure in the senary system. The
database includes 26 elements and 438 phases and the Al-Co—Cr—Fe—Ni—Ti system is described with
105 phases originating from the 15 binaries and 20 ternaries. All binaries and 12 of the 20 ternaries

have been assessed in full range of composition and temperature [56].

First, high-throughput calculations were carried out in the senary system to scan the area of interest in
the compositional space and analyze its peculiarities. The TC-Toolbox for Matlab was used allowing

loop programming of calculations and easy handling of results through multi-dimensional matrices.



The resolution in the compositional space was set as follows: the Cr—Co—Fe—Ni quaternary phase
diagram was initially calculated using a step of 5 at.% for each element. Then, Al and Ti were added
with a 2.5 at.% step up to [Al] + [Ti] = 20 at.%. The step in Co, Cr, Fe and Ni was continuously
reduced from 5 at.% down to 4 at.% to balance the addition of Al and Ti. In this way, the same
number of compositions (1771) was calculated for each given [Al] + [Ti] content. As much as 79 695

compositions were calculated at 800 and 1000°C with 45 combinations of [Al] and [Ti].

Along with these calculations, the visualization of the FCC+L1, domain in the senary system has been
carried out. The approach has been developed to represent the different nominal alloy compositions,
their associated equilibrium phases, the L1, solvus and the solidus temperatures in a two-dimensional
perspective. Such a methodology has required two steps. First, the AlI-Co—Ni-Ti quaternary phase
diagram was calculated. This system is a key element in the current study since two L1, phases
originate from the Ni—Al and Co-Ti binaries [57]. Calculations were performed at 800°C with a 1 at.%
step and [Al] + [Ti] < 30 at.%. A perspective of the FCC+L1, region is then developed considering
sections of the quaternary phase diagram with fixed [Al] + [Ti]. Finally, multiple sections are created
with the addition of Cr and Fe which substitute Co and Ni. 441 (21x21) alloy compositions form each
individual section. Calculations were performed considering a 5 at.%. step for [Cr] and [Fe] additions
and up to [Cr] + [Fe] < 55 at.%. 78 sections were required to target the desired compositional space.
Three temperatures were used in the study: 800°C, 900°C and 1000°C for a total of 103 194

equilibrium calculations.

Room temperature (RT) alloy density has been computed using the FCC and L1, phase fractions and

compositions at 900°C with molar volumes computed at RT.

2.2. Experimental methods

A total of six alloys, TA1 to TAG, were processed. Chemical compositions are given in Table 1.

Alloys were prepared using high frequency induction melting of raw elements of at least 99.5 wt.%
purity. The melting process was carried out in a water-cooled copper crucible under He atmosphere
followed by gravity casting to shape the ingots into 13 mm diameter rods. These rods were then cut

into 12 mm high cylinders.

Subsequently, TAL to TA5 cast alloys were wrapped in tantalum sheets and put through a staged
annealing process in a sealed silica tube filled with argon. Alloys were introduced into a furnace at
1150°C and maintained at this temperature during 48h to ensure chemical homogeneity. They were
then cooled down to 900°C at a cooling rate of 10°C/min and maintained at this temperature for 403h

to achieve thermodynamic equilibrium before water quenching.



X-ray diffraction (XRD) was carried out with a PANalytical XPert Pro diffractometer using the Co-Ka
radiation at a wavelength of 0.178897 nm. Le Bail (pattern matching) refinement was finally used to

determine lattice parameters using FullProf software [58].

Scanning Electron Microscopy (SEM) examination was performed with samples that were hot
mounted in a conductive resin and prepared by mechanical grinding using 320 to 4000 grit SiC papers
followed by a final polishing step using a vibratory table and a 0.04 mm colloidal silica for 2h. A field
emission gun Merlin Zeiss SEM was used. Average chemical compositions have been measured using
energy dispersive spectroscopy (EDS). Two maps were recorded at very low magnification (30x) for
each sample. Volume fractions were determined from a total of twenty back-scattered electrons (BSE)
pictures automatically analyzed with the ImageJ software. Reported experimental fractions are the

average of the twenty measurements with uncertainties in a 95% confidence interval.

Transmission electron microscopy (TEM) samples were grinded into discs of 3 mm in diameter and
100 um thick. Thin foils were then electropolished using a twin-jet Tenupol-5 with a 109% HCIO4
solution in methanol at 20 V and -35°C. Observations were performed using a JEOL2000EX and a

field emission gun FEI Tecnai F20.

Differential scanning calorimetry (DSC) was performed using a Netzsch 404 heat-flux calorimeter
with a heating rate of 10°C/min up to 1400°C under an Ar atmosphere allowing to determine the
solidus, liquidus and L1 solvus temperatures of the alloys. Samples were cut and grinded into 1 mm
thick parallelepipeds weighing approximately 75 mg. The transition temperatures were determined at
the onset of the corresponding peaks. To ensure reproducibility, two samples of each alloy were tested.

The given transition temperatures are the average of these two measurements.

The density measurements were carried out by hydrostatic weighing in distilled water. Five
measurements were carried out for each sample and the given uncertainties are the 95% confidence

interval.

3. Results

3.1. CALPHAD Calculations

3.1.1. High-throughput calculations

79 695 alloy compositions were computed at 800°C and 1000°C considering Co, Cr, Fe and Ni from 0
to 100 at.% and Ti and Al from 0 to 20 at.% with [Al] + [Ti] <20 at.%. An alloy composition was
considered with a duplex FCC+L1, microstructure if the following criteria were met: [FCC] + [L1] >
99%, [FCC] > 1% and [L1,] > 1% at 800°C and 1000°C, where [X] is the molar fraction of the X
phase. Among the 79 695 computed compositions, 7 617 and 5 878 are FCC+L1, at 800°C and



1000°C, respectively. As much as 4 562 compositions own duplex microstructure at both temperatures

which is roughly 6% of the entire calculated domain.

Each alloying element of the senary system plays a key role on the extent of the FCC+L1, domain in
the compositional space and can be analyzed by assessing the ratio of FCC+L1, compositions (i.e.
alloy compositions exhibiting FCC+L1, microstructure) at both temperatures for a given concentration
interval (Fig. 1). This ratio will hereafter be referred to as two-phase ratio and is given for an [A,B[

interval in (1).

(number of FCC+L1; compositions)a s

(1)

two — phase ratio =
( p )[A'B[ (number of calculated compositions)[ap[

Three sub-groups are distinguished in the senary system: Ni and Co (Fig. 1a,b), Cr and Fe (Fig. 1c,d),
Al and Ti (Fig. le,f).

The (Ni,Co) and (Al,Ti) sub-groups appear to be favoring the formation of FCC+L1, microstructures
with an increasing two-phase ratio up to a threshold (Fig. 1a and 1e). On the contrary, the (Cr,Fe) sub-
group looks less favorable, the ratio is maximized in Cr- and Fe-free alloys but decreases in the whole
compositional space and no longer exists for [Cr] + [Fe] > 45at.% (Fig. 1c). The decrease is more
pronounced for Cr than for Fe. These latter tendencies are even more apparent when the sum of the
grouped elements is plotted (Fig. 1b, 1d, 1f). In the (Ni,Co) sub-group, Ni is the most effective
addition element to produce a FCC+L1, microstructure since the ratio approaches 30% in the [70%-
80%] range. A threshold value is established for [Ni] + [Co] = 40 at.% indicating the absence of a
FCC+L1, domain for alloy compositions with [Ni] + [Co] < 40 at.% (Fig. 1b). The optimum is
reached in the [Ni] + [Co] interval of [70%,80%].

Likewise, Al and Ti additions favor the formation of the two-phase region (Fig. 1e). Ti seems to be
more favorable than Al to get the desired FCC+L1, microstructure for compositions higher than 7.5
at.%. The maximum of the two-phase ratio is achieved for [Al] + [Ti] = 12.5 at% (Fig. 1f). The
tendency is confirmed in Fig. 2 which gives a deeper insight into the repartition of the FCC+L1,
compositions with Al and Ti additions. Whereas a limited number of compositions gives duplex
microstructures when Al and Ti are added distinctly, the highest number of FCC+L1, compositions is
achieved for joint addition of Al and Ti. The most favorable combination is found for [Al] =5 at.%
and [Ti] = 7.5 at.% (Fig. 2).

Results of the alloying elemental partitioning in the FCC+L1, compositions was evaluated and are

given in supplementary materials.
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Figure 1: Proportion of alloy compositions exhibiting an FCC+L1, microstructure at both 800°C and 1000°C
and for given concentration intervals: (a) Ni and Co, (b) Ni+Co sum, (c) Cr and Fe, (d) Cr+Fe sum, (e) Al and

Ti, (f) Al+Ti sum.
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Figure 2: Repartition of the 4 562 alloy compositions with calculated FCC+L1, microstructure in the Al-Co-
Cr—Fe-Ni-Ti system at both 800°C and 1000°C with Al and Ti concentration, irrespective of Co, Cr, Fe and Ni
content. For a given Al and Ti content, the two-phase ratio of the 1 771 computed compositions is highlighted.

3.1.2. Visualization of the FCC+L1, two-phase region

Data have been collected at 800°C and 1000°C (cf. 3.1.1) to isolate key features of the calculated
FCC+L1, two-phase region in the Al-Co-Cr—Fe-Ni-Ti senary system. However, the seven-
dimensional space composed of five compositional dimensions, the temperature and the L1, phase
fraction is not simple to capture. A way to visualize the two-phase region is then needed to have a
grasp at the subtleties of the system. Since neither Cr nor Fe are required to form the FCC+L1; two-

phase structure (Fig. 1), we started the calculations with the AI-Co-Ni-Ti quaternary system.

3.1.2.1 AI-Co-Ni-Ti quaternary system

Two binary sub-systems of the Al-Co—Ni-Ti system contain a L1, ordered phase in the 800-1000°C
range: Co-Ti with CosTi and Ni-Al with NisAl. Equilibrium calculations were carried out in the Al-
Co-Ni-Ti system at 800°C and the extent of the phase domains was plotted in a tetrahedron (Fig. 3). A
continuous L1, phase region is predicted between NisAl and CosTi as well as the FCC phase region
between the Co and Ni vertices of the tetrahedron (Fig. 3). The two-phase region is also continuous
and lies in-between the FCC and L1, regions from the FCC-L1, tie-line from the Ni-Al to Co-Ti

systems.
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Figure 3: Representation of the AI-Co-Ni-Ti quaternary system calculated at 800°C. The FCC (red), L1, (blue)
and FCC+L1; (green) regions are shown. The step used for calculations (also corresponding to one sphere in
the figure) is 1at.%.

A two-dimensional perspective is however required to ease the visualization of the system in a broad
range of alloy compositions. Thus, the representation of the FCC+L1, two-phase region will then be
displayed along the direction defined by [Al] + [Ti] = x (x < 25 at.%). A fixed value of [Al] + [Ti] =
12.5 at.% was chosen as it corresponds to the amount for which the number of FCC+L1, compositions
is the largest (Fig. 1f). Thus, a section of the AI-Co—Ni-Ti tetrahedron is featured (Fig. 4a). The
corresponding FCC+L1, domain shown in figure 4b was obtained by combining calculations at 800°C,
900°C and 1000°C in such a way that only alloy compositions exhibiting (calculated) FCC+L1,
microstructures at these three temperatures are evidenced. In this view, Al is linearly substituted by Ti
along the x-axis and Co is linearly substituted by Ni along the y-axis (Fig. 4b). The L1, phase fraction

at 800°C is evidenced using a color gradient.

3.1.2.2 AI-Co—Cr-Fe-Ni-Ti senary system

The projection of the dataset (4 562 computed alloy compositions exhibiting the appropriate
microstructure at both 800°C and 1000°C) from the 6-dimensional space to a lower one has required a
principal component analysis (PCA). The results of the analysis clearly show that the dataset is still
highly spread along directions which correspond to the Co and Ni content of the alloy compositions
(see supplementary material). Consequently, the representation adopted in 3.1.2.1 is maintained taking
into account the presence of Cr and Fe. The available FCC+L1, compositions and the associated L1,
fraction were plotted for different Cr and Fe content along [Al] + [Ti] = 12.5 at.% (Fig. 4c). A section

with a given Cr and Fe content is plotted if at least one alloy composition exhibits an FCC+L1,

10



microstructure. No FCC+L1, compositions were obtained for [Fe] > 55 at.% and [Cr] > 25 at.%. (Fig.

4c). The influence of Cr and Fe additions could be summarized as follows:

e the extent of the FCC+L1, domain is reduced whatever the addition of Cr and Fe;

e some L1,-rich regions appear with the addition of Fe.
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Figure 4: a) Section of the quaternary Al-Co—Ni-Ti phase diagram for [Al] + [Ti]=12.5 at.%, b) evolution
of the L1, phase fraction with alloy composition at 800°C for the section displayed in a). Each point
corresponds to a computed composition exhibiting a duplex microstructure (condition: [FCC] + [L1.] >
99%) at 800°C, 900°C and 1000°C). ¢) same representation for [Al] + [Ti] = 12.5 at.% but for different Cr
and Fe contents. Note that b) and c¢) share the same heat-map and also the same scale.

The increase of Cr or Fe content reduces the number of alloy compositions with FCC+L1,
microstructures, especially in (Co,Al)-rich regions of the sections for which the B2 phase appears.
Furthermore, the progressive addition of Fe reveals the presence of alloy compositions exhibiting high
L1, phase fraction in the (Co,Ti)-rich corner ([Fe] < 35 at.%). The addition of Fe also ends up
enhancing the L1, phase fraction in (Ni,Al)-rich regions up to a threshold ([Fe] = 25 at.%). Results on
the Cr effect suggest the existence of a threshold between [Cr] = 15 at.% and [Cr] = 20 at.% after

which the number of alloy compositions with duplex microstructure almost drops to zero.
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The L1, solvus and solidus temperatures were computed for FCC+L1, compositions. Using the same
representation of figure 4c), the mapping of these temperatures is given in figures S2 and S3,
respectively. The L1, solvus temperature is highly correlated to the L1, fraction at 800°C. Cr and Fe
have opposite influence on the L1, solvus temperature. Whereas Cr additions tend to increase the L1,
solvus temperature, additions of Fe seems to lower it except in the (Co, Ti)-rich corner. The solidus
temperature representation yields clear trends. Indeed, Ni-based compositions own higher melting
points than Co-based compositions with a linear continuity between these two regions. At equivalent

Ni/Co and Al/Ti ratios, the solidus temperature slightly decreases with additions of Cr and Fe.

The proposed representation enables the visualization of the extent of the equilibrium phases in the
spreading direction of the FCC+L1, region, thus allowing to observe it in a wide range of

compositions.

3.2 Experimental results

3.2.1. FCC+L12 compositions (TAL to TA5)

The assessment of the approach has been established from the study of five alloys predicted with
FCC+L1; microstructure in the 800-1000°C temperature range. TA1, TA2 and TA3 were designed
using isopleths and Cr and Fe content for [Al] = [Ti] =5 at.%. TA4 and TA5 were selected from the

79 695 computed compositions (cf. 3.1.1). The following selection criteria were considered:

e [Cr] > 10 at.% for oxidation resistance.

e presence of a wide enough solution treatment window (FCC domain): Tr- Tra2 >
50°C where T is the predicted melting temperature of the alloy and T.1» the predicted
solvus of the L1, phase. Additional computations were made to ensure that this last

criterion was met.

The five alloys were chosen to cover the wide range of available alloy compositions. The nominal
compositions are given in table 1. TAL, TA2 and TA3 contain lower [Al] + [Ti] content (10 at.%) than
TA4 and TA5 (12.5 at.%). TA4 and TA5 are designed to compare two different compositions but with
the same concentration in elemental sub-groups ([Ni] + [Co] = 56.9 at.%, [Cr] + [Fe] = 30.6 at.%, [Al]
+ [Ti] = 12.5 at.%), TA4 being similar to Ni-based superalloys ([Ni] > 50 at.%) and TADS fits within
the original definition of HEAs given by Yeh et al. [2].
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Figure 5: XRD measurements of TA1-TA5. The L1, reflections are indicated.

After heat treatments (1150°C/48h + 900°C/403h), XRD analysis showed that all five alloys featured
an FCC structure with the presence of superlattice reflection peaks attributed to the L1, phase (Fig. 5).
Duplex FCC+L1, microstructures were observed by SEM and TEM for all prepared alloys as
predicted by the TCHEAS database (Fig. 6 and Fig. S2). The five alloys exhibit a wide range of L1,
precipitate morphologies. STEM-EDX mappings highlights the preferential partitioning of Al, Ni and
Ti in the L1, precipitates as well as a depletion of Co, Cr and Fe as predicted by Calphad calculations
(Fig. S2). The presence of some carbides and sulfides were also highlighted and related to the presence

of impurities in raw materials.
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Figure 6: SEM-BSE micrographs of the FCC+L1, microstructure after heat treatments (1150°C/48h +
900°C/403h).

The L1, volume fractions predicted by the TCHEAS database as well as the experimental values are

given in table 1. A fairly good agreement is found except for TA3.

DSC was carried out for TAL to TA5. Two endothermic peaks were visible during heating (Fig. S3).
The first large peak close to 1000°C corresponds to the dissolution of the L1, phase [59] and gives the
L1, solvus temperature. The second is observed for T > 1300°C and coincides with the melting of the

alloy. Results are summarized in table 1.

Experimental transformation temperatures are consistent with thermodynamic calculations. The
solidus temperature is generally found higher than the prediction (50-80°C) except for TA4 for which
the solidus temperature is only 20°C higher. The agreement between experimental and predicted

solvus temperatures is good at the exception of TA4 for which a difference of 50°C is found.
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Table 1: Experimental and calculated data for annealed alloys (1150°C/48h + 900°C/403h). Calculated data were obtained with the TCHEA3 database. Chemical

composition and lattice parameters were determined by SEM-EDS mappings and XRD, respectively. Experimental L1, volume fraction were measured with SEM images.

Uncertainties correspond to a 95% confidence interval.

Composition (at.%)
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3.2.2. About the existence of predicted single-phase L12 alloy compositions

As exposed in §3.1.2.2, the increase of Fe content in Cr-free alloys lets appear the presence of alloy
compositions in the (Co,Ni, Ti)-rich zone for which a single-phase L1, region is highlighted. The
presence of such region of the Co—Fe—Ni-Ti quaternary is quite unexpected. In order to check the
reliability of the predictions in this specific region, the CoszsFezsNizs Tivzs (TAB) alloy was prepared

and annealed at 1000°C during 6 days to reach thermodynamic equilibrium.
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Figure 7: a) XRD pattern of TA6 alloy after 1000°C/144h annealing; b) SEM BSE picture and ¢) SEM-EDS
elemental mapping.

TAG is predicted to be L1, single phase above 900°C (Fig. S5) but XRD investigation highlights the
existence of at least four phases (figure 7a): FCC, L1,, CosV-type phase (so called t) with
(Nio5Coo5)3Ti composition and an unknown one. SEM observations confirm the multi-phased
microstructure with the presence of platelets and globular Ni- and Ti-rich precipitates embedded in the
matrix (Fig. 7b,c). The chemical compositions of the different phases analyzed by SEM-EDS are

given in table 2.
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Table 2: Chemical compositions of the phases observed in TA6 after heat treatment of 6 days at 1000°C and

determined using SEM/EDS analysis (10 measurements). Uncertainties correspond to the standard deviation.

Phase composition

(at.9%) Co Fe Ni Ti

at.%o

FCC 39.0 314 20.7 9.0
+0.2 +0.7 +0.3 +0.5

L1, 355 14.4 30.9 19.2
+0.7 +3.0 +1.7 +1.9

T 334 9.4 34.9 22.3
+0.1 +04 +0.2 +0.3

4. Discussion

4.1. Comparison between experimental results and Calphad predictions

One of the objectives of the current study was to assess the predictive nature of the TCHEAS database
for candidate alloy compositions with FCC+L1, microstructures in the selected temperature target
(800°C-1000°C). One critical requirement was to check the existence of a continuous L1, phase
between CosTi and NisAl as experimentally reported [57,60]. This feature is accurately predicted by
the TCHEAS database (Fig. 3) and as the Al-Co-Ni-Ti quaternary phase diagram is a key part of the
senary system, it appears reasonable to consider that the database is well suited for the description of
the FCC+L1, region.

Six compositions were selected and suitable heat treatments were chosen in order to approach
thermodynamic equilibrium. Evaluation of the database will be discussed based on the following

points: equilibrium phases, volume fractions of L1, precipitates and transition temperatures.

Alloys can be divided into three categories: four senary CCAs with significant amount of Co (TA1,
TA2, TA3 and TAb), one senary Ni-rich alloy (TA4) and one quaternary alloy in the Co—Fe—Ni-Ti
system (TAG). Except for TAB, the processed alloys (TAL to TA5) all featured a duplex FCC+L1,
microstructure in accordance with Calphad predictions. However, our results highlight noticeable
differences between experimental data and calculated ones. Thus, the predicted volume fractions (\Vf)
of the L1, phase are slightly overestimated with relative differences defined as |V fmeasured-

Vfpredicted|/V foredicted (Table 1): 10% for TAL, TA2, TAS to 40% for TA3. A fairly good agreement
between experimental and calculated volume fractions is reached only for the Ni-rich composition
(TA4). The same trend is observed regarding transition temperatures. As predicted by the TCHEA3

database, experimental results confirm the presence of an FCC single-phase domain between solvus
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and solidus temperatures for all alloys. The solidus temperature is well-described for the Ni-rich TA4
but significative differences are evidenced for other compositions for which the temperature is
systematically underestimated (52°C for TA1 to 78°C for TAb). In contrast, the solvus temperature
looks well described in the TCHEAS database for TA1, TA2, TA3 and TA5 (Table 1) but is under
evaluated for TA4 (52°C lower than experimentally assessed). The latter trend is in line with a recent
work on quinary (Ni,Co)-based superalloys by Llewelyn et al. [61]. In their study of elemental
partitioning in the Al-Co—-Ni-Ti system, authors have pointed out consistency between experimental
and calculated solvus temperatures using TCNI8 database for high Co content but significant

differences at lower Co content.

The results also emphasize several discrepancies between predicted phases and experimentally
observed ones. In particular, the Al- and Cr-free quaternary TAG6 alloy was predicted to be L1, single-
phase material at 1000°C (Fig. S5). Calculations suggest that the extent of the L1, region in the
database is large T >~ 820°C (1093K) and in a broad range of Fe addition (Fig. S6). However, a multi-
phased microstructure is evidenced and three phases were unambiguously identified (FCC, L1., 1)
(Fig. 7). The presence of the (Nig5C005)3Ti (1) ternary phase of hexagonal structure with the CosV
prototype is commonly observed in Co—Ni-Ti alloying systems and has been first identified by Van
Loo and Bastin in the ternary system at 900°C using diffusion couple technique [62]. It has been
evidenced as a stable phase between 800°C and 1100°C in recent studies [63—67]. The ternary phase is
present in a narrow compositional region of the Co—-Ni-Ti system between NisTi (D024) and CosTi
(L1,) for [Ti] ~ 25 at.%, 25 at.% < [Ni] < 55 at.%, 20 at.% < [Co] < 50 at.%, between 800°C and
1100°C. Riani et al. suggest that NisTi, T and CosTi own related structures with different stacking
sequence and coordination geometry [65]. The discrepancies between calculated and experimental
phase diagrams can be explained by a poor description of the calculated Co—Ni—Ti system. The ternary
diagram has not been fully assessed in the TCHEAS3 database and the t phase is not included in the
database [56] leading to a wrong prediction of the TA6 microstructure at 1000°C (figure 4c). Finally,
it should be mentioned that the extent of this ternary phase may be quite large in the quaternary system
as a two-phase FCC+t domain has been experimentally confirmed for the Cos25NiszsTi125 cOmposition
([Fe] = 0 at.%, Fig. S6) between 800°C and 1100°C [64,66,67]. Calphad predictions suggest two

phases for the considered alloy composition: FCC and NisTi.

4.2. Unexpected features of the predicted FCC+L1, two-phase region

From the mapping of the calculated alloy compositions exhibiting FCC+L1, microstructure at both
800°C and 1000°C (Fig. 4), it has been reported that Cr and Fe additions leads to a strong decrease of
the number of potential compositions with a duplex microstructure. Cr and Fe promote the formation

of undesirable phases (B2, o, Laves, mainly). However, a clear increase of the L1, phase fraction is
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observed with increasing Cr nominal content in the alloy compositions exhibiting FCC+L1,
microstructure (Fig. 4c). The effect may be explained by the elemental partitioning between FCC and
L1, phases. The analysis of the current high throughput calculations (83.1.1) indicates that Cr
preferentially partitions to the FCC phase (Fig. S1a). The alloy enrichment in Cr decreases Al and Ti
solubilities in both FCC and L1 phases (Fig. S4a,b), thus inducing an increase of the L1, volume
fraction. On the contrary, an alloy enrichment in Fe has no pronounced effect on the L1, phase fraction
(Fig. 4c). Fe partitions mainly toward the FCC phase but the increase of the Fe nominal content does
not significantly reduce the solubility of Al and Ti in the FCC phase (Fig. S4c). However, calculations
indicate that Fe addition enhances the L1, phase fraction in a restricted (Ni,Al)-rich regions up to a
threshold ([Fe] = 20 at.%) after which the FCC+L1; region disappears (Fig. 4c and S5). It could be
explained considering the existence of the NisFe phase with L1, structure [68], stable for T < 600°C in
the Ni—Fe phase diagram. In the ternary Al-Fe—Ni system [69,70], the L1, phase originating from the
binary Al-Ni system progressively extends towards NisFe until a complete solubility is observed at
temperatures below 600°C (Fig. S7). This explains the increase of the L1, content at 800°C in the Fe-

rich alloys in the senary system.

4.3. On the alloying strategy to design FCC+L1, complex concentrated alloys

The results of the calculations in the AlI-Co—Cr—Ni—Fe—Ti system clearly point out the prominent role
of the (Ni,Co) group on the stability of the FCC+L1, domain. Therefore, Co appears as the main
substitute of Ni to get a stable FCC+L1, microstructure at elevated temperatures. The phase diagram
sections for [Cr] = [Fe] = 0 at.% and [Cr] = [Fe] = 10 at.% (Fig. 4c) are given in figure 8 with a focus
on the equilibrium phases. The superposition allows to better visualize the way in which the FCC+L1,
domain is reduced by Cr and Fe additions (Fig. 8c). A limited number of FCC+L1, compositions is
expected in the (Co,Al)-rich region for [Fe] = [Cr] = 10 at.% due to the growing presence of the B2
phase (Fig. 8b, bottom right-corner). A similar tendency is observed in the (Co, Ti)-rich region (Fig.
8b, bottom left-corner) due to the emergence of Laves phases. The destabilizing effect of alloying on
FCC+L1, microstructures based on (Co,Ti) has already been established as the main issue for the

development of such alloys for high temperature applications [71,72].
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and between Al and Ti (64;,—1; = [Al]+m]) were considered as axes in order to overlap the FCC+L1, regions
shown in a) and b).

With increasing Cr and Fe content, the substitution path from (Ni,Al)-based alloys to (Co, Ti)-ones
narrows (Fig. 8c). In that respect, Co—Ni substitutions must be carefully tailored with Ti—Al
substitutions. Therefore, quinary alloys in Al-Co—Cr—Fe—Ni and Co—-Cr—Fe-Ni-Ti systems designed
with high Cr and Fe contents and [Ni] = [Co] will lead to the precipitation of B2 and NisTi phases,
respectively [45,73,74].

The plot of Al-Co-Ni-Ti phase diagrams sections at constant Cr and Fe content makes accessible the
design of FCC+L1; alloys. As potential alloy compositions with FCC+L1, microstructures are mainly
expanded along the (Ni,Al) — (Co,Ti) axis (dashed line in Fig. 8c), possible Co—Ni substitutions may

[ri]

be selected by carefully tailoring the all

ratio. Additionally, the current alloying design requires the

following methodology. The [Al] + [Ti] content is first selected. By sweeping with [Cr] and [Fe]
content for the defined [AI] + [Ti], the phase diagram sections will give the available Al-Ti and Co-Ni
proportions and then limit the compositional space to get the desired (predicted) microstructure.
Moreover, such a representation at different temperatures may be a convenient way to avoid

undesirable phases and secure a large solution treatment window.
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The current study highlights that the [Al] + [Ti] content could be tailored to meet the desired L1,
phase fraction. However, the fraction of ordered phase could significantly differ and depends on the
region of the AI-Co-Ni-Ti quaternary section (Fig. 4c). Once a nominal alloy composition is chosen,
the amount of L1, phase can be optimized using a combination of lever rule calculation and isopleth
plot from the FCC composition to the L1, one at a given temperature. The isopleth allows to make
sure that no other phases appears at lower or higher temperatures. This way, the nominal composition

is adapted to keep the same FCC and L1, compositions but with different L1, fraction.

As previously established, Ni and Co are key elements in FCC+L1, compositions but their different
partitioning behaviors raise some issues regarding the design of L1>-strengthened HEAS/CCAs based
exclusively on nominal alloy compositions. Indeed, the selection of candidates with equimolar
nominal contents in Co, Cr, Fe and Ni will mainly lead to the formation of Co-rich FCC solid
solutions and low volume fractions of Ni-rich L1, precipitates. First reported L1,-strengthened-
HEAS/CCAs have usually been designed this way [24,32,37,39,43,49,50]. The prepared alloys usually
do not exceed 20% of L1, phase fraction at 800°C whereas optimal L1, volume fraction is achieved
around 65-70% in single-crystal Ni-based superalloys [75]. The design of HEAs/CCAs with higher
L1, volume fractions is thus challenging and requires to tailor the nominal alloy composition to the
partitioning behavior of each alloying element. Since Ni partitions mainly to the FCC phase, the
increase of the L1, phase fraction will require a significant increase of the Ni nominal content. Hence,
a 70% L1, phase fraction would be achieved for [Ni] = 50 at.% in CCAs, which is the usual content in
Ni-based superalloys. Moreover, highly substituted FCC solid solutions and L1, phase would be
achieved for very different nominal compositions. For instance, L1, phase with [Ni] = [Co], [Al] =
[Ti], and FCC solid solution with [Ni] = [Co] = [Cr] = [Fe] would be reached at 800°C for [Al] + [Ti]
= 12.5 at.% with nominal Al 2C047.1Cr131Fe31 Niz2Tiss (at.%) and AlsC0183Cri34Fe145 Nia13Tizs
(at.%) alloy compositions, respectively. Most of FCC+L1, compositions with a higher L1, volume
fraction have been designed with a high Ni content, leading to a concentrated FCC phase
[30,31,35,40].

Therefore, it should be mentioned that Fe has a significant contribution as a substitute of the (Ni,Co)
group in the FCC phase and could enhance solid solution strengthening. Fe appears also as the only
element able to provide some adequate degree of substitution to deviate from Ni-based superalloys
compositions [38]. Such use of Fe as substitute element has been recently reported with the purpose to
design precipitation hardened Co-free HEAs [38]. It is however challenging to get the duplex
FCC+L1; microstructure as a large amount of Fe is required and is not compatible with a high Cr
content [38]. A significant number of Al-Co-Cr-Ni-Ti quinary alloys have also been investigated
within the framework of (Ni,Co)-based superalloys [61,76]. It seems that extending from Ni-based
compositions to (Ni,Co)-based ones can positively impact HT properties [77]. However, the current

study highlights that a substantial amount of Fe can be added to achieve compositions leading to
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(Ni,Co,Fe)-based superalloys. Future studies should be devoted to the way Fe may affect the matrix

and the precipitates for different (Ni,Co) contents and could finally impact HT properties.

5. Conclusions

The extent of the FCC+L1, two-phase region in the Al-Co—-Cr—Fe-Ni-Ti system has been investigated
at HT (800-1000°C) using the Calphad approach and the TCHEAS database. On the basis of the

calculations, six alloys were designed, processed and characterized to assess the reliability of the

thermodynamic predictions. The following results were obtained:

1.

the FCC+L1, two-phase region is sparsely extended in the senary system at 800°C and
1000°C. Only 4 562 alloy compositions on the 79 695 analyzed ones were predicted to have a
duplex microstructure at both temperatures.

the Al-Co-Ni-Ti quaternary system is found to be the key component giving rise to the
FCC+L1, two-phase region in the highest order system. Additions of Fe and Cr reduce
significantly the size of the two-phase domain and tend to stabilize the formation of B2 and
NisTi/Laves phases in (Co-Al)-rich and (Ni-Ti)-rich alloy compositions, respectively.
Addition of Cr exceeding 25 at.% does not allow to reach the desired microstructure in the
calculated temperature range.

with a large solubility of Fe in the FCC phase, Fe appears as an interesting substitution
element for Co or Ni in multicomponent systems. Studies on some new (Ni,Co,Fe)-based
compositions are suggested for future development of L1,-strengthened HEAS/CCAs.

first experimental results on the predicted FCC+L1, compositions indicates that the TCHEA3
database appear reliable to describe peculiarities of the FCC and L1, two-phase region.
However, equilibrium phases in Al- and Cr-free alloys of the Co—Fe—Ni—Ti system are
incorrectly described due to the absence of the ternary t (NiosC00.5)3Ti phase in the database.
a new visualization method of the FCC+L1; region in the senary Al-Co-Cr-Fe-Ni-Ti is
proposed. The method relies on the representation of phase diagrams sections from the Al-
Co-Ni-Ti quaternary system considering elemental substitutions in three distinct groups,
(Ni,Co), (Cr,Fe) and (Al,Ti). We believe that the methodology used in this paper will be
helpful to design new L1,-strengthened HEAS/CCAS.
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Supplementary Materials
Study of the FCC+L12 two-phase region in complex concentrated

alloys based on the Al-Co-Cr-Fe-Ni-Ti system

Rieger T., Joubert J.-M., Laurent-Brocq M., Perriére L., Guillot I. and Couzinié J.-P.*
Université Paris Est Creteil, CNRS, ICMPE, UMR7182, F-94320, Thiais, France

* corresponding author. E-mail address: couzinie@icmpe.cnrs.fr

1. Elemental partitioning

The elemental partitioning in the FCC+L1, alloy compositions was determined with the calculation of
the partitioning coefficients at 800°C. For a given nominal composition, the coefficient k, of an element

A is defined as the ratio of the concentration of A in the L1, phase ([A],,,) to the concentration of A in

the FCC phase ([4] ¢¢):

_ [AlL1,
A [A]fcc (1)

For k4, > 1, A is mostly found in the L1,; for k, < 1 Ais A is mostly partitioned to the FCC phase.
Results are given in the Figure S1. Al, Ni and Ti partition to the L1, phase (fig. S1 a). In addition, for
equivalent nominal concentrations, kr; is often superior to ka due to a higher Al solubility in the FCC
phase. On the contrary, Co, Cr and Fe (fig. S1 b) partition preferentially to the FCC phase. Co and Ni
partitioning behavior is asymmetrical in most of the compositional range. Regarding Cr (fig. S1 c) and
Fe (fig. S1d), k., seems to decrease with increasing nominal content. The tendency is less apparent for
Fe.
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Figure S1: Calculated partitioning coefficients at 800°C for Ni (a), Co (b), Cr (c), Fe (d), Al (e) and Ti (f) as a
function of the elemental concentration showing the preferential portioning of Ni, Al and Ti to the L1, and Co,
Cr and Fe to the FCC.

Precise EDX quantitative measurement of the phase concentration is challenging. However, elemental
partitioning can be assessed using elemental maps (fig. S2). The preferential partitioning of Co, Cr and
Fe to the matrix (FCC) and of Al, Ni and Ti to the precipitates (L1>) is rather obvious in each alloy. The

tendency is in good agreement with Calphad predictions.
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2. Principal component analysis

The principal component analysis (PCA) is basically a method used to “picture” a dataset from a high
dimensional space to a lower one. PCA transforms correlated variables of the given dataset into new
ones (factors or eigenvectors) chosen in such a way that the variance is maximized along the relevant

directions, using a scalar projection.

In the current study PCA was carried out on the 4 562 (computed) compositions exhibiting an
FCC+L1, duplex microstructure at both 800°C and 1000°C. The analysis was performed considering
compositional variables only (i.e. atomic percentage of the base elements in the selected alloy
compositions). The eigenvalues of the variance-covariance matrix are given in table S1. The results
highlight the existence of a principal component which includes roughly 83% of the total variance

(V1). It basically means the dataset is highly spread along this direction in the senary space.

Table S1: Eigenvalues of the variance—covariance matrix for the 4 562 compositions with an FCC+L1, duplex
microstructure at both 800°C and 1000°C.

Variable/

o Eigenvalue Ratio Cumulative ratio
Principal component
V1 0.0772 83.2% 83.2%
V2 0.0102 11.0% 94.2%
V3 0.0032 3.5% 97.7%
V4 0.0016 1.7% 99.4%
V5 0.0006 0.6% 100.0%

A correlation matrix is then used to link the new principal components to the compositional ones, as
defined above (table S2).

Table S2: Correlation matrix between new variables (V1 to V5) and compositional ones.

V1 V2 V3 V4 V5
Al 0.08 0.15 0.15 0.61 -0.64
Ti -0.07 -0.08 0.11 -0.76 -0.48
Cr 0.02 0.00 -0.91 0.03 0.08
Fe 0.02 -0.82 0.22 0.17 0.28
Co -0.73 0.27 0.20 0.06 0.35
Ni 0.67 0.40 0.23 -0.10 0.40
Ratio 83.2% 11.0% 3.5% 1.7% 0.6%
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The analysis of the Table S2 gives strong indications of the correlations between chemical elements in
the dataset relative to the 4 562 compositions with an FCC+L1, duplex microstructure at both 800°C
and 1000°C. Hence, the V1 principal component is negatively and positively correlated — with fairly
close (absolute) values — to Co and Ni, respectively. The result suggests the Co and Ni content in the
nominal alloy compositions are preferred directions of the FCC+L1, two-phase region in the senary
space, and justifies the representation of the dataset along an axis such as [Ni] + [Co] is constant i.e. the
increase of the Ni content may be offset by a decrease of Co (Co and Ni substitute for each other). In
the same way, Al and Ti are strongly (anti)correlated (V4). Finally, V2 and V3 are highly correlated to
the Fe and Cr contents in nominal compositions, respectively.

Thus, the choice to represent our dataset with a 2-D plot using V1 (along the direction for which [Ni] +
[Co] is fixed) and V4 (along [Al] + [Ti] = constant) will give an accurate visualization of the dataset as
it will account for 84,9% of the total variance (table S1). V2 and V3 are considered in the 2-D plot with
the substitution Co and Ni by Cr and Fe (figure 4c).
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3. Additional figures
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Figure S2: Representation of the L1, solvus temperature for all alloy compositions with FCC+L1,
microstructures ([Al] + [Ti] = 12.5 at.%) at both 800°C and 1000°C.
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Figure S3: Representation of the L1, solidus temperature for all alloy compositions with FCC+L1,
microstructures ([Al] + [Ti] = 12.5 at.%) at both 800°C and 1000°C.
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Figure S4: bright-field TEM and STEM-EDX elemental mapping of the TA5 alloy after 1150°C/48h +

900°C/403h heat treatment
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Figure S5: DSC heating curves from

T (°C)

room temperature up to 1400°C with a heating rate of 10°C/min for TA1 to

TAS after 1150°C/48h + 900°C/403h heat treatment
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Figure S6: Scatter plot of the 4 562 FCC+L1; alloys depicting the impact of Cr (a,b) and Fe (c,d) on the
solubility of the (Al Ti) group in the FCC (a,c) and the L1, (b,d) phases at 800°C.
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Figure S7: Phase diagram section for [Cr] = 0 at.% and [Fe] = 25 at.% (see fig. 4c). Evolutions of the phase
fraction with temperature for two alloy compositions of the section are shown (left and right). Two unexpected
features are pointed out in the discussion.
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Figure S8: Isopleth calculated in the Co-Fe-Ni-Ti quaternary system for [Ti] = 12.5 at.%, % = 1.5, and

varying Fe fraction (TCHEA3 database). Experimental data (this work) and past reported results [1] are
superimposed.
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Figure S9: Ni corner of the Al-Fe-Ni ternary phase diagram showing the extent of the L1, phase field (dashed
lines) for temperatures ranging from 500°C to 1000°C. With decreasing temperature, the NisAl field grows
toward NisFe until complete solubility at 500°C
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