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Abstract. In this study, Al, Cr, Fe, Mn, and Ni are selected and pure elemental powders were used
to prepare several medium entropy alloys (MEAs) and high entropy alloys (HEAs). Differential
Thermal Analysis (DTA) is used as a tool for pre-screening of the compositions suitable to design
corrosion-resistant alloys for Laser Powder Bed Fusion (LPBF). The advantage of DTA lies in the
precise temperature control and in the small quantity of powder necessary to perform the test in
near-equilibrium conditions. The powder mixtures were heated up to 1550°C, fully melted, and
then cooled down to room temperature at 5°C/min. The results of DTA are used as reference to
understand the complex microstructures obtained using LPBF. Microstructure analysis of DTA
samples by combining Optical Microscopy (OM) and Scanning Electron Microscopy (SEM)
helped to confirm the phase prediction theories. Most of the samples showed a heterogeneous
structure with Ni-Al rich B2 phase, Fe-Cr rich BCC and FCC phases. The spinodal decomposition
of the BCC phase was also observed in the equimolar AICrFeMnNi sample. The Valence Electron
Concentration (VEC) theory was verified and the partitioning of the elements between the phases
was investigated.

Introduction

Additive manufacturing (AM) technologies, such as Laser Powder Bed Fusion (LPBF), allow the
creation of intricate parts with features that pose challenges for conventional methods. Notably,
LPBF has revolutionized the manufacturing of components traditionally crafted through injection
molding or die-casting, marking a departure from conventional approaches [1,2]. In comparison
to standard casting and forging techniques, the melt-pool generated in LPBF is submitted to
exceptionally high cooling rates in a range from 10° to 10° K/s [3]. This rapid cooling induces an
out-of-equilibrium solidification, promoting grain refinement and potentially leading to the
formation of novel sub-crystal or amorphous phases [4]. LPBF offers a better design flexibility
and functional optimization of high-value products at small production volumes, which are not
feasible through traditional manufacturing processes [5]. LPBF processes often operate with fixed
parameters for specific applications, limiting the responsive control. The choice of input materials
and printing parameters can lead to variations in the properties of the final components. A poor
powder quality can cause defects such as pores, cracks, inclusions, residual stresses, suboptimal
roughness. Therefore, understanding the intricate relationships between material properties,
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processing performance, and end component properties is necessary to develop alloys that fulfill
the requirements [6,7].

High entropy alloys (HEAs) were defined originally as alloys that contain more than five
principal elements with the concentration of each between 5% and 35%. This concept of HEAs
has been lately extended to alloys with four principal elements [8,9]. Due to the high mixing
entropy effect, the crystal lattice structure of most HEAs tends to be either body-centered cubic
(BCC) or face-centered cubic (FCC). BCC-structured HEAs typically exhibit high strength but
low ductility, whereas FCC-structured HEAs showcase high ductility, high wear, and corrosion
resistance, with relatively low strength [10,11]. Consequently, a judicious selection of alloying
elements is vital to achieve the required properties in HEAs.

Conventional casting, with cooling rates between 10 and 20 K/s, usually causes significant
phase separation during the fabrication process of HEAs, where a post-treatment process is usually
required to further adjust the microstructure for desired properties [10]. The rapid solidification of
LPBF can restrict compositional segregation and intermetallics formation in the as-built parts,
contributing to the strengthening effect through grain refinement [12].

In recent efforts to predict phases in HEAs, theories have been developed based on
thermodynamic and structural parameters, including entropy of mixing (4Smix), atomic size
differences (J), melting points (7,,), enthalpy of mixing (4H:x), valence electron concentration
(VECQ), and Q that represents the scale ratio of A4Sy to AHnix. These parameters play crucial roles
in determining the stability and composition of solid-solution phases in HEA systems [8,13]. The
electron concentration is defined as the average number of itinerant electrons per atom (e/a) and
the VEC encompasses all electrons, including the d-electrons accommodated in the valence band
[14,15]. For a multi-component alloy, both e/a and VEC can be mathematically expressed by Eq.
1 and Eq. 2:

e/a =X ci(e/a); (1)
VEC =3, c;(VEC); ()

Here, c; represents the concentration of the individual element in the alloy, (e/a); and (VEC);
denote the e/a and VEC for the respective element. A stable, solid-solution phase forms in an HEA
system when two parameters meet the conditions Q> 1.1 and 6 < 6.6% [14,16]. Specifically, when
VEC > 8, FCC solid-solution phase is established. In the range of 6.87 < VEC < 8, both FCC and
BCC phases coexist. However, when VEC < 6.87, only a single BCC phase is observed [11].

Regarding the corrosion resistance properties, alloys with higher Al and lower Cr contents tend
to develop porous oxide films on the surface, failing to provide effective barriers against Cl™
permeation. Moreover, the high Al content promotes the growth of the BCC phase, characterized
by enrichment in Al and depletion of Cr, leading to increased elemental segregation. This, in turn,
influences the corrosion behavior, with the Cr-depleted BCC phase demonstrating weaker
corrosion resistance compared to the FCC phase [17]. The control of the microstructure is thus
fundamental in developing materials with specific properties.

Thermal analysis methods may be used to investigate the thermodynamic phenomena during
the phase transformations. Differential Thermal Analysis (DTA) in particular employs the
temperature difference between an inert reference sample and the test sample, during a thermal
ramp conducted in a furnace with a fixed cooling rate. However, commercial DTA equipment
faces limitations, notably in sample size, hindering adequate nucleation statistics. Consequently,
while DTA has been employed in solidification experiments, its use in metal solidification studies
is less frequent due to these inherent challenges [18,19]. However, in order to avoid the use of
large amount of material to investigate the thermodynamic phenomena and perform preliminary
microstructural characterization, DTA represents a rapid and cost-effective solution. Due to the
small amount of material needed for DTA, mixture of powders represents an efficient choice to
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prepare several alloys compositions. For HEAs design through AM technologies, this method is
useful to select the elements by highlighting their influence on the microstructure and on the near-
equilibrium solidification phenomena that will serve as reference to understand the as-built AM
microstructure.

Materials and methods

Elemental powders, supplied by abcr GmbH (Germany), were employed in the fabrication of the
test samples. Multiple mixtures were prepared manually, delineating two distinct groups: the
CrFeMnNi-based medium entropy alloys (MEAs) and the AICrFeMnNi-based HEAs. The
nominal composition of the powder blends is outlined in Table 1 and Table 2.

Thermal analysis was conducted using the NETZSCH STA 449C Jupiter DTA. Approximately
700 mg of powder mixture were used for each DTA test. To facilitate near-equilibrium
solidification and enable cross comparisons of the results, the heating and cooling rates were
consistently maintained at 5°C/min. The samples underwent heating up to 1550°C within Al,O3
crucibles in an argon gas-purged chamber to minimize oxygen levels. An essential baseline
measurement involved an empty crucible subjected to the same temperature profile, eliminating
any artificial signals originating from the sample holder.

Table 1. Compositions and thermodynamic parameters of CrFeMnNi-based MEAs.

CrFeMnNi 25 25 25 25 357 | 400 | 11.53 | 521 | 7.75

CroFeoMnNi | 33.33 | 33.33 | 16.67 | 16.67 | 3.10 | -2.88 | 11.05 | 7.16 | 7.50

CrFeoMnNi | 16.67 | 33.33 | 16.67 | 3333 | 3.12 | -422 | 11.05 | 470 | 8.17

Table 2. Compositions and thermodynamic parameters of AICrFeMnNi-based HEAs.

AlCrFeMnNi 20 20 20 20 20 582 -12.48 | 1338 | 1.75 | 6.80

AlCrFeaxMnNip | 14.29 | 14.29 | 28.57 | 14.29 | 28.57 | 5.41 | -10.86 | 12.89 | 1.98 | 7.43

AlCrFe;Niz 16.67 | 16.67 | 33.33 - 33.33 | 5.47 | -11.11 | 1337 | 2.07 | 7.50

The samples underwent polishing for microstructural observation under an optical microscope
(OM) or a scanning electron microscope (SEM) Tescan Clara Ultra-High Resolution UHR.
Cr2FeaMnNi and CrFeMnNi samples are etched with 3% Nital to improve the detection of phases
during quantification with Stream analysis software. Additionally, semi-quantitative energy
dispersive X-ray spectroscopy (EDX) point and line scan analyses were performed across notable
microstructural features. Phase and crystallographic information were obtained through electron
backscatter diffraction (EBSD).

Results
The DTA cooling curves of CrFeMnNi-based MEAs are shown in Fig. 1a. Reactions that occur
during the cooling are characterized by exothermic peaks. For clarity, the derivative curves used
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to determine the corresponding peak temperatures, but also to set both the beginning and the end
of any given phase transformation, as reported in previous works, are not shown in this figure

[20,21].

The CrFe;:MnNi» curve is characterized by a single peak at 1350°C (Fig. 1a). The OM and
SEM micrographs, combined with EDX measurements, reveal the presence of one single FCC
phase with composition close to the nominal composition of the alloy (Table 1). A single-phase
structure is obtained, and the VEC value of 8.17 (Table 1) confirms the prediction theory.
According to the same theory, CrFeMnNi and CroFeoMnNi, that present respectively a VEC values
of 7.75 and 7.50 (Table 1), should present a dual-phase structure associating FCC and BCC phases.

Cooling at 5°C/min
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Fig. n (aTA coolfﬁg combined plots for alloys CrFeMnNi,/CrgFegMnNi and CrFe:MnNi>, (b)
optical and scanning electron micrographs of alloy CrFeMnNi, (c) quantification of the phases
in alloy CrFeMnNi using stream analysis.

Observing the micrographs of CrFeMnNi (Fig. 1b), two phases can be identified. The DTA
cooling curve, in Fig. 1a, reveals two different peaks in a range of temperature between 1360°C
and 1260°C (Fig. 1a). The first phase to form was the Fe-Cr rich FCC matrix, followed by the
BCC phase that is rich in Mn and Ni (Table 3). The FCC phase forms due to the dendritic
solidification. The remained liquid in the interdendritic region solidifies to form the BCC phase
around 1300°C. CrFeMnNi and CroFeoMnNi are very similar in terms of microstructure and
distribution of elements between the phases (Table 4). The solidification temperature of
CroFeaMnNIi is higher, in a range of temperature between 1380°C and 1280°C, as shown in Fig.
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la. The main difference lies in the volume fraction of the two phases. Using Stream analysis
software on the optical micrographs, as shown in the left-hand side of Fig. 1c, the phases present
in the microstructures were quantified. As an example of such analysis, the FCC matrix is
highlighted in red on the right-hand side of Fig. 1c. In the Cr,Fe2MnNi sample, the percentage of
FCC phase was 59.7% (40.3% of BCC). As Fe and Cr is increased, the percentage of BCC phase
increases and the temperature at which the solidification starts is also increased, passing from
1360°C for the equimolar sample CrFeMnNi to 1380°C for CroFeoMnNi (Fig. 1a).

Table 3. EDX semi-quantitative analysis of CrFeMnNi.

% at. Chromium Iron Manganese Nickel
BCC 46.2+2.0 303£1.0 17.5+0.4 6.0+1.4
FCC 250+ 1.4 29.5+2.5 26.0+2.0 195+ 1.7

Table 4. EDX semi-quantitative analysis of Cr2Fe>MnNi.

% at. Chromium Iron Manganese Nickel
BCC 47.0+0.7 33.16£0.5 10.9+0.4 8.9+0.5
FCC 28.4+1.0 34.83 £ 1.5 14.8+ 1.0 220+1.5

For the AlCrFeMnNi-based HEAs, the DTA curves are shown in Fig. 2a. All DTA cooling
curves present several peaks at high temperature, indicating the formation of complex
microstructures. Indeed, almost all samples exhibit dual-phase microstructures, as shown in Fig. 3
and Fig. 4.

According to the VEC theory, the equimolar sample AlCrFeMnNi should consist in a single
BCC solid solution. However, the AICrFeMnNi sample presents a transformation that starts at
1340°C and ends at 1240°C. No further transformation occurs at lower temperatures. The detailed
microstructures of this sample are illustrated in Fig. 2b and Fig. 2c. Typical dendritic and
interdendritic structures were observed. The compositions of the phases in the different regions
were evaluated using EDX and the results are shown in Table 5. In accordance with prior works
[22,23], the dendritic region is characterized by a mixed FCC + B2 matrix rich in Cr and Fe, in
which cuboid precipitates rich in Al and Ni are embedded. The interdendritic region is
characterized by a BCC matrix rich in Al and Ni in which Cr-Fe rich rod-shaped B2 precipitates
are embedded. The precipitates are known to form through a spinodal decomposition [22,23].
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Fig. 2. (a) DTA cooling combinedpltsfor alloys AlCrFeMnNi; AlCrFe}MnNiz and AICrFe>Nio,
(b) optical micrograph of alloy AICrFeMnNi, (c) scanning electron micrograph of alloy
AlCrFeMnNi.

Table 5. EDX semi-quantitative analysis of AICrFeMnNi.

% at. Al Cr Fe Mn Ni
Precipitates 294+4.0 6.5+3.0 9.0+4.3 16.0+1.5 39.1+7.9
Matrix 77+1.1 346+1.8 | 30.0+09 247 +0.5 31+1.6

With increased amounts of Fe and Ni, the AICrFe;MnNi, sample presents a lower solidification
temperature in a range between 1280°C and 1190°C (Fig. 2a). At 1210°C, the remaining liquid,
which reaches the eutectic composition went through the eutectic transformation. Two different
areas can be observed in the microstructure and the typical eutectic lamellar structure is present in
some areas of the microstructure (Fig. 3a) [24]. This is consistent with the peaks revealed by the
DTA cooling curve (Fig. 2a). Observing the SEM micrographs in Fig. 3a, the presence of the dual-
phase microstructure confirms the prediction by the VEC theory for a value of 7.43 (Table 2).
Compared to the equimolar AICrFeMnNi sample, no dendritic and interdendritic regions were
observed (Fig. 3a). EBSD analysis shows the presence of FCC and BCC/B2 phases (Fig. 3b). The
results of EDX analysis presented in Table 6 show that the microstructure is composed by an FCC
matrix rich in Fe and Cr while the BCC/B2 phase is rich with Al and Ni. The microstructure
analysis suggests that a solid-state transformation corresponding to the spinodal decomposition of
BCC phase into an ordered (B2) and disordered phases (BCC) occurs. The semi-quantitative
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chemical analysis using EDX reveals that the elemental distribution varies between the two phases.
The B2 phase is depleted in Cr and Fe compared to the BCC phase. On the other hand, Mn is
nearly uniformly distributed in all the three phases present into the microstructure (Table 6).

MAG: 703x _HV:20 kV_WD:17 0 mm

F lg 3. (a) Scannmg electron micrographs of AICrFe:MnNi>, (b) EBSD analysis of
AICrFe:MnNi>: pattern quality at left, and phase map at right.

Table 6. EDX semi-quantitative analysis of AICrFeMnNi,.

% at. Al Cr Fe Mn Ni

FCC 47+04 18.6+0.9 39.6 £ 0.6 142+03 | 22.9+0.8
B2 26.0+ 0.6 2.1+£0.2 79+0.4 159+0.5 | 48.1+0.5

BCC 20.3£5.6 10.5+7.8 16.8 £ 9.0 140+1.5 38.4+9.8

MAG: 3338x HV:20kV WD:17.1mm

Fig. 4. (a) scanning electron micrographs of AICrFe:;Ni>, (b) EBSD analysis of AICrFe>Ni>:
pattern quality at left, and phase map at right.

When the Mn is removed from the mixture, in AICrFe;Niy, the solidification temperature is
increased up to a range between 1340°C and 1260°C (Fig. 2a). The solidification starts with the
formation of the FCC phase. Around 1285°C, the remaining liquid with the eutectic composition
forms the typical lamellar structure that characterize the eutectic transformation of some HEAs
(Fig. 4a) [24]. The EBSD analysis revealed the presence of a dual-phase mixture composed of
FCC and BCC/B2 phases (Fig. 4b). The same partitioning of elements as in AlICrFe;MnNi» phases
were found, the FCC phase is rich in Fe and Cr while BCC/B2 phase is rich in Al and Ni.
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Discussion

As mentioned in the introduction, the properties of HEAs depends on the microstructure [10,11].
The VEC, that represents an important parameter for phase structures, is directly correlated to the
FCC/BCC volume fraction. It is known that for high VEC, the atomic bonding forces are higher,
so the atoms tend to rearrange into the FCC structure with a higher packing density, as observed
in CrFe:MnNi; sample. On the contrary, low VEC leads to lower atomic bonding forces and atoms
tend to arrange into the BCC structure with lower atomic packing density [13].

In CrFeMnNi and CroFe:MnNi samples, the microstructures present a dual-phase of FCC and
BCC (Fig. 1b), which is consistent with the prediction of a dual-phase microstructure for VEC in
arange between 6.8 and 8 (Table 1). The same is true for AICrFe;MnNi; and AlCrFe;Ni, samples
just after the end of the solidification (Table 2). The prediction theory is correctly validated. This
result is significant for the field of alloy design, as it provides a foundational basis for leveraging
the theory to systematically optimize microstructures according to the desired material properties.

After the solidification, at lower temperature, a solid-state transformation can occur. In fact,
when Al acting as a BCC stabilizer, is added to form an equimolar AICrFeMnNi, the
microstructure should consist of a single BCC phase according to the parametric prediction theory.
This theory is validated for the solidification, when solid-state transformations are not considered,
because in this alloy the formation of B2 precipitates, as shown in Fig. 2¢c, was favored. According
to the results obtained for equimolar AICrFeMnNi in several papers [22,23], the first solid to form
is BCC in both dendritic and interdendritic regions, and decreasing the temperature, the spinodal
decomposition occurs. In this specific case, the spinodal decomposition is different in both regions
due to the different average composition of saturated BCC phase in the two regions [22]. The solid-
state transformations that occur during the cooling are not considered by the VEC theory. But it
still represents a useful tool for the explanation of the HEAs microstructures, especially to predict
the phases that form during the solidification. Recent works, based on the optimization of the VEC
parameters, employing machine learning were able to predict a BCC+FCC+IM structure of the
equimolar composition AICrFeMnNi [25].

It is important to notice that, in near-equilibrium solidification, elements such as Mn do not
actively contribute to the phase separation by preferential partitioning in AlCrFeMnNi-based
HEAs. In order to design an alloy with high corrosion resistance, the distribution of the elements
in both FCC and BCC phase should be taken into account. Al and Ni tend to be highly present in
BCC/B2 phase while Fe and Cr are mainly present in FCC phase (Table 5 and Table 6). Knowing
that the FCC phase is the preferred one for the aim of enhanced corrosion resistance, the addition
of high BCC stabilizer such as Al should be carefully monitored, also due to the tendency of BCC
phase containing Al to undergo further solid-state transformations and form precipitates which
would reduce the corrosion resistance.

As the material response is in close relationship to the microstructure, the use of DTA to
investigate and to understand the phase transformations can be a useful tool for the selection of
elements and range of composition to develop an alloy that fulfill the requirements. In the case of
HEAs, where the research is wide opened, DTA represents a fast experimental and cost-effective
method to develop an alloy with corrosion resistance. Understanding phenomena that occur under
near-equilibrium conditions, such as the significant partitioning of elements, is crucial when
examining the microstructure that may arise, for instance, in the Heat Affected Zone (HAZ) of a
sample produced through LPBF. Due to the high energy of the laser during the short interaction
times and the high solidification rates of the melt pool, the resulting microstructure may also be
strongly textured. In order to control the microstructure or to propose heat treatments to restore
more homogeneous and stable microstructures, investigating the phase transformations that occur
during the heating of the LPBF-printed samples through a reverse DTA is a valid option [20,21].
In addition, using the reverse DTA, the solidification path in out-of-equilibrium conditions offer
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by LPBF can be fully understood. Those results are fundamental to determine the heat treatments
temperatures to reach the microstructure that would fulfill the requirements.

As the next step of this work, LPBF samples will be printed with optimized parameters (laser
power and scanning speed). The evolution of the microstructure from near-equilibrium to the out-
of-equilibrium conditions brought by the ultra-fast cooling in LPBF, will be investigated.

Summary

The VEC theory is a useful tool to predict the first phases that form during the solidification in
HEAs as either FCC, BCC, or mixture of both phases, but does not consider solid-state
transformations. In particular, in Cr, Fe, Mn, Ni system, the addition of Al promotes the formation
of BCC phase followed by its spinodal decomposition. In AICrFeMnNi-based HEAs, FCC phase
is rich in Fe and Cr while BCC phase is Al-Ni rich, and Mn is equally distributed in all phases. In
absence of Al, the Mn tend to partition mainly in FCC phase as observed in CrFeMnNi and
Cr2FezMnNi.

DTA analysis represents a rapid and cost-effective test to investigate transformations that occur
during heating and cooling in near-equilibrium conditions. These results can then be used as
reference to understand the mechanisms and phenomena that occur in out-of-equilibrium
conditions and to guide the design of new alloys and/or thermal treatments.
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