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Abstract

The high temperature mechanical properties of a family of Fe2Ni2CrAlx (x=0.9, 1.1, 1.2, 1.3 in molar
ratio) multi-principal element alloys (MPEAs) were determined. The initial microstructure and grain
size of Fe2Ni2CrAlx MPEAs were characterized. Effect of Al on the density, melting point and
mechanical properties at elevated temperature were investigated. Fe2Ni2CrAl1.3 MPEA exhibit the
lowest density of 6.78 g/cm3 and highest melting point of (1337.7 ~1392.6 °C). The as-cast
Fe2Ni2CrAl1.3 MPEA showed an excellent combination of strength and plasticity at elevated
temperatures. Fe2Ni2CrAl1.3 MPEA showed high strength of 2119 MPa and 1722 MPa at 200 °C and
400 °C, respectively. The Fe2Ni2CrAlx alloys exhibited exceptional high-temperature plasticity, no
fracture occurred even at a compressive strain above 70%. Recrystallization softening appeared at
above 600 °C, the transformation of coarse equiaxed grains into subgrains were captured during
plastic deformation. Significantly, the specific yield strength of the Fe2Ni2CrAl1.3 MPEA was
comparable with traditional Ti based alloys and Ni-based superalloy. The fracture mechanism of
Fe2Ni2CrAlx MPEAs was a combination of cleavage and slip separation. Deformation behavior and
work hardening ability at elevated temperature were discussed. Finally, finite element method (FEM)
was performed to capture the evolution of stress and strain under high-temperature compression.
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1. Introduction

The conventional strategy of alloy design, involving the addition of a small amount of alloying elements
into one primary metal, has been a fundamental practice for many years [1]. Recently, a significant
breakthrough in alloying strategy occurred with the discovery of high-entropy alloys (HEAs), also
known as multi-principal element alloy (MPEAs) [2], [3]. Unlike conventional alloys, HEAs involve
mixing multiple principal elements in roughly equal proportions to achieve a unique microstructure
and associated strengthening mechanisms [4]. HEAs have become a highly exciting research topic in
the field of materials science, yielding HEAs with unprecedented properties, including high hardness
and strength [5], [6], [7], [8], [9], [10], good ductility and toughness [11], [12], [13]. Particularly, HEAs
exhibit remarkable mechanical properties at high temperatures [14], [15], [16], [17], [18], [19], [20],
their ability to maintain high strength and structural stability under high-temperature conditions
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makes them appealing for aerospace, power generation, and other high-temperature applications.

In recent years, there has been a significant surge in the design and investigation of MPEAs, including
AlCoCrFe [21], [22], [23], [24], AlCoCrFeNi [25], [26], [27], [28], AlCoCrFeNiTi [29], [30], etc. One such
group of MPEA systems that has gained substantial attention, especially considering cost-

effectiveness, is the quaternary Fe-Ni—-Cr-Al based alloy system. This alloy system is of particular
interest due to its Co-free nature and potential for achieving high performance. To achieve a favorable
balance of high strength and good ductility, recent studies have led to a focus on dual-phase or multi-
phase HEAs within these alloy systems. By designing alloys with specific microstructures and phases,
researchers aim to harness the synergistic effects of different phases to enhance the overall
mechanical properties.

Indeed, elemental composition plays a crucial role in alloy design, particularly in the case of MPEAs.
Alis afrequently incorporated element in high-entropy alloys due to its specific characteristics. Al has
a relatively large atomic radius, which can influence the lattice structure and phase stability of the
resulting alloy. The addition of Al can lead to changes in the crystal structure and affect the formation
of solid solutions or intermetallic phases. Incorporating Al into MPEAs can result in solid solution
strengthening, enhancing the strength and hardness of MPEAs. Several studies have paid attention to
the impact of Al on the microstructure and properties of MPEAs [31], [32], [33], [34], [35], [36]. For
example, Wang et al. [33] demonstrated that the addition of Alhad a significant impact on the phases,

microstructure and mechanical properties of AlxCoCrFeNi HEAs at elevated temperatures, as well as
the mechanism for high softening resistance. Kim et al. [35] found that the addition of Al resulted in
solute drag creep appearing as the rate-controlling deformation mechanism, the hot workability was
greatly improved due to the formation of a BCC phase resulting from addition of Al Li et
al. [37] performed an investigation of the microstructure and properties of AlxCoCrFeMnNi HEAs.
With the increasing Al content, the phase changed from single FCC, duplex FCC + BCC to single
BCC phase resulting from addition of Al.,, accompanied by increased microhardness and reduced
corrosion resistance. Thus, addition of Al in MPEAs has been demonstrated to exert a substantial
influence on alloy properties.

Finite element method (FEM) stands as a pivotal numerical technique essential for elucidating the
deformation processes. This method involves discretizing a complex alloy structure into elements,
allowing an analysis of the mechanical behavior under various processing conditions. Many
studies [38], [39], [40], [41], [42], [43] have demonstrated its practicality in studying the deformation
behavior of alloys. Rahul et al. [38] utilized FEM to study the strain distribution and material flow of
AlCoCrFeNi2.1 MPEAs during hot deformation, which assisted in predicting actual material flow in the
forging process. Li et al. [41] used FEM to quantitatively reveal the underlying correlation between
solidification parameters and the morphology. Ahn et al. [42] analyzed the temperature and strain
distributions during high-strain-rate compression of CoCrFeMnNi MPEAs, reflecting the local
temperature rise in the FEM analysis. FEM enables researchers to simulate how alloys respond to
external forces, temperature changes, and other factors, which can predict stress and strain
distributions within the alloy during deformation processes such as forging, rolling, extrusion, or other
forming operations.

Our previous work [39] has reported a new family of Fe2Ni2CrAlx MPEAs. The crystal structure and
microstructural evolution are highly dependent on the Al content, changing from FCC + BCC to BCC
+ B2 phases. Higher Al content dramatically increased the nanohardness and strength of the

Fe2Ni2CrAlx MPEAs. However, the mechanical properties at high temperatures has not been reported.
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To boost the potential of Fe2Ni2CrAlx MPEAs in high-temperature application, this work put emphasis
on the mechanical properties of Fe2Ni2CrAlx (x=0.9, 1.1, 1.2, 1.3, where x is the molar ratio of
aluminum) at elevated temperatures. The density and melting point were determined to understand
the potential for high temperature applications. In addition to experimental work, FEM was performed
on Fe2Ni2CrAlx MPEAs to provide insights into factors such as stress distribution, strain patterns, and
material flow during the deformation process at elevated temperatures. These findings are expected
to further the application of Fe2Ni2CrAlx MPEAs at elevated temperatures.

2. Methodology

2.1. Experimental procedure

The multi-component ingots, with a nominal composition of Fe2Ni2CrAlx (x=0.9, 1.1, 1.2, 1.3), was
prepared through the vacuum arc melting technique. The elemental metals, with boasted a purity
exceeding 99.9%, were melted within a water-cooled copper mold. Arc melting were conducted under
an atmosphere of ultrahigh-purity argon (Ar). The ingots experienced at least 5 re-melting cycles. The
microstructures of the alloys were analyzed using electron backscatter diffraction (EBSD)
measurements, which were carried out using a SEM equipped with a EDAX detector and TSL OIM data
collection software.

Density of the Fe2Ni2CrAlx MPEAs were measured by using the Archimedes method. Each sample
underwent five measurements to obtain averaged values. The solidus and liquidus temperatures were
determined using differential scanning calorimetry (DSC). The DSC scans encompassed a
temperature range from 25 °C to 1500 °C, at a rate of 10 °C/min during the heating cycles. It maintains
a continuous flow of argon (Ar) during the process.

The mechanical properties of the samples were evaluated using compressive tests at elevated
temperatures. The compression tests of ®4mmx6mm cylindrical samples were performed on the AG-
X Plus 250 kN/50 kN Electronic Universal Testing Machine. The initial strain rate was 2 mm/min and
the temperature was 200 °C, 400 °C, 600 °C and 800 °C. The testing was performed until the fracture
of the samples or reaching a reduction of 70%, whichever was earlier. Three compression tests were
conducted to derive the average value.

2.2. Finite element simulation

In this work, DEFORM FEM software was utilized for simulating the deformation process of
Fe2Ni2CrAlx MPEAs under elevated temperature. The 3D cylindrical sample model was constructed
and meshed using the DEFORM-3D Pre tool. Mechanical properties were derived from the stress—
strain curves obtained from high-temperature compressive tests, and this data was integrated into the
Simufact materials database. Other properties, such as thermal properties, were calculated using the
rule of mixtures criterion. The shear friction condition in the FEM simulation was set with an interface
friction factor of 0.5 between the die and workpiece interface. The material behavior, temperature
distribution, stress levels, and other aspects were obtained to understand the deformation behavior
of Fe2Ni2CrAlx MPEAs.
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Fig. 1. EBSD results of Fe2Ni2CrAlx MPEAs (a1)-(a3) Al0.9, (b1)-(b3) Al1.1, (c1)—(c3) Al1.2, and (d1)-
(d3) Al1.3. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

3. Results and discussion

3.1. Microstructure

Our preliminary work [39] has reported that Fe2Ni2CrAlx MPEAs (x=0.9 and 1.1) were composed of
the FCC/BCC + B2 phase, whichitchangedtothe BCC + B2 phase structure whenthe Al content
increased to 1.2 and 1.3. The grain boundaries correspond to the Fe-Cr rich BCC phases, the ultrafine
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phases within the grains were mainly composed of Ni-Al rich B2 phases. To further capture the initial
microstructure, Fig. 1 presented the EBSD results of Fe2Ni2CrAlx MPEAs. Fig. 1 (a1)-(d1) and (a2)—(d2)
showed the image quality (IQ) maps and inverse pole figure (IPF) maps, respectively. The
Fe2Ni2CrAl0.9 MPEA consisted of a high density of small irregularly shaped phases. As the atomic
ratio of Al increased to above 1.1, the grain boundary can be clearly observed from IQ images. From
EBSD analysis, the grain size values were estimated. The grain size of Fe2Ni2CrAl0.9 MPEA is the
largest among these alloys. The Fe2Ni2CrAl1.1 MPEA and Fe2Ni2CrAl1.3 MPEA had similar grain
sizes, ~261+93um and ~280+94pum, respectively. The average grain size of Fe2Ni2CrAl1.2 MPEA was
smaller, ~133+96pm. It can be deduced that there is no linear relationship between grain size and Al
content. The kernel average misorientation (KAM) maps illustrated the average orientation
discrepancies among grains, in which the shift in color from blue to red signifies the variation in
orientation from 0° to 5°. Fig. 1 (a3)—(d3) showed that the area within the grain is dominated by blue,
showing a low value of KAM. The grain boundary was colored by green, exhibiting a higher value of KAM.
3.2. Density and melting point
The density of Fe2Ni2CrAlx (x=0.9, 1.1, 1.2, 1.3) MPEAs were summarized in Fig. 2. Among the
elements in the studied alloy system (Fe, Ni, Cr, Al), Al has the lowest density, measuring 2.7 g/cm3. It
shows the significant influence of Al concentration on the density of alloy. With the atomic ratio of Al
element of 0.9, the density of the Fe2Ni2CrAl0.9 alloy is 7.06 g/cm3. When the atomic ratio of Al
exceeds 1.1 in the alloy, a reduction in density occurs, bringing it below 7 g/cm3. As the atomic ratio
of Al increases from 1.1 to 1.3, the density of the alloy decreases from 6.96 g/cm3to 6.78 g/cm3.
Notably, the prepared Fe2Ni2CrAl1.3 alloy shows the lowest density among the developed
compositions. The alloys prepared in this study exhibit significantly lower density than Ni-based
superalloys, measuring below 8g/cm3. This characteristic offers a significant advantage for the alloys
developed in this research, particularly in high-temperature applications.
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Fig. 2. Density of theFe2Ni2CrAlx MPEAs.
To measure the melting point, Fig. 3 shows the DSC curves of the Fe2Ni2CrAlx MPEAs with the
temperature ranging from 30 °C to 1500 °C. All the alloys exhibit similar characteristics, an

endothermic peak occurred at the end of the curves which represents melting. It can be observed that
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a narrow temperature interval existed between the solidus and liquidus temperatures. Some typical
physical characteristics, e.g., the initial melting temperature (Ts), final melting temperature (Tf) were
summarized in Table 1. The Fe2Ni2CrAl0.9 MPEA began to melt at 1317.7 °C and completed melting
at 1362.7 °C. As the atomic ratio of Al increases to 1.1, a slight increase of Ts can be observed from
1317.7°Cto01317.9°C, the Tf significantly increased from 1362.7 °Cto 1371.0°C. Thus the Ts and Tf of
Fe2Ni2CrAlx MPEAs increases by greater Al addition. Accordingly, the addition of Al contributes to the
melting point of Fe2Ni2CrAlx MPEAs. Fe2Ni2CrAl1.3 MPEA has the highest melting point, with Ts of
1337.7 °C and Tf of 1392.6 °C. Notably, there is no any phase transition below 1300 °C since no

endothermic peak was found until melting.
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Fig. 3. DSC patterns of theFe2Ni2CrAlx MPEAs.
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Fig. 4. Engineering stress—strain curves of Fe2Ni2CrAlx MPEAs at elevated temperature (a) 200 °C (b)
400 °C (c) 600 °C (d) 800 °C.
Table 1. DSC results of Fe2Ni2CrAlx MPEAs.

MPEAs Ts (°C) Tf (°C)
Al0.9 1317.7 1362.7
Al1.1 1317.9 1371.0
Al1.2 1327.4 1380.8
Al1.3 1337.7 1392.6

3.3. High temperature mechanical properties

Compression Tests: Fig. 4 shows the compressive stress—strain curves of Fe2Ni2CrAlx MPEAs under
the testing temperatures ranging from 200 °C to 800 °C. It is evident that the strength gradually
decreases with rising temperature. At 200 °C, the fracture strength of Fe2Ni2CrAl0.9 MPEA is 1572
MPa, with plastic strain of 40.7%. When the atomic ratio of Alincreases to 1.1, the strength increases
to 1836 MPa, accompanied by a reduction of plastic strain to 34.8%. By the successive Al addition,
the fracture strength increased to 1981 MPa and 2119 MPa for the Fe2Ni2CrAl1.2 MPEA and
Fe2Ni2CrAl1.3 MPEA, respectively. When the temperature increased to 400 °C, a significant
enhancement can be observed in plasticity for the Fe2Ni2CrAl0.9 MPEA. When the atomic ratio of Al
exceeds 1.1, a slight reduction of strength was acquired. The fracture strength of Fe2Ni2CrAl1.1 MPEA
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and Fe2Ni2CrAl1.2 MPEA was 1642 MPa and 1722 MPa, respectively, both exceeding 1500 MPa. As
the atomic ratio of Alreached 1.3, the fracture strength can achieve 2003 MPa, with the plastic strain
of 36.4%. Itis surprising that Fe2Ni2CrAl1.3 MPEA attained such high strength without compromising
plasticity. With the temperature rising to 600 °C and 800 °C, no fracture occurred even until a
compressive strain above 70%, which suggests that the developed Fe2Ni2CrAlx alloys exhibit an
exceptional high-temperature compressive plasticity. While, when it reaches a large deformation
(>50%) at 600 °C and 800 °C, the effective contact area does not match the recognized contact area
of the equipment, resulting in a larger experimental deviation for the increase in engineering stresses
in the final section of the stress—strain curves. The alloy with high Al contents, especially
Fe2Ni2CrAl1.3 MPEA, have the benefit of sustained high strength and extended plasticity at elevated
temperatures, which were superior to most HEAs and was even comparable with Ti-based alloys (Ti-
6ALl-4V-0.1B, Ti-10V-2Fe-3Al) [44], [45].
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Fig. 5. Specific yield strength of Fe2Ni2CrAlx MPEAs.
Temperature dependence of SpecificYield Strength: Fig. 5 plotted the temperature dependence of
the specific yield strength of Fe2Ni2CrAlx MPEAs. It was evident that with a rise in temperature, there
was an obvious decrease in specific yield strength. The specific yield strength of Fe2Ni2CrAl0.9 MPEA
gradually decreased from 88.2 MPa-cm3/g at 200 °C to 64.3 MPa-cm3/g at 400 °C, and then dropped
to 48.2 MPa-cm3/g and 33.7 MPa-cm3/g at 600 °C and 800 °C, respectively. Once the atomic ratio of
Al surpassed 1.1, increases in specific yield strength became apparent at temperature below 600 °C.
At 200 °C and 400 °C, the specific yield strength of Fe2Ni2CrAl1.1 MPEA increased to 129.5
MPa-cm3/g and 120.1 MPa-cm3/g, respectively. While, when the temperature rises to 600 °C, the
upward trend of increase has decelerated, and slowed down even further at 800 °C. Fe2Ni2CrAl1.2
MPEA exhibits much higher specific yield strength than Fe2Ni2CrAl1.1 MPEA. Due to the low-density
element Al, the density of alloys tended to further decrease with the addition of Aland Fe2Ni2CrAl1.3
MPEA possessed the lowest density. Thus, the Fe2Ni2CrAl1.3 MPEA maintained the highest specific
yield strength at elevated temperature. Fe2Ni2CrAl1.3 MPEA shows the specific yield strength of
189.5 MPa-cm3/g at 200 °C, and even above 105.5 MPa-cm3/g as the temperature increased to 600 °C.
With the temperature of 200~400°C, there is no obvious softening existing in the alloy, thus the
Fe2Ni2CrAl1.3 MPEA also has great specific yield strength. However, with a further increase of
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temperature (600~800°C), it presents a decline in the specific yield strength of the Fe2Ni2CrAl1.3
MPEA despite it still exhibiting a higher level compared with other reported alloys [43]. Even at 800 °C,
the present alloy exhibits the highest specific yield strength among the investigated alloys, suggesting
exceptional softening resistance at high temperature.

Fracture Studies: To study the fracture modes, the fracture surfaces of failed Fe2Ni2CrAlx MPEAs
were examined. After compression at 200 °C, Fe2Ni2CrAlx (x=1.1, 1.2, 1.3) MPEAs were completely
fractured, the fractographic features were presented in Fig. 6. For all deformed samples, obvious torn
edges can be found on the fracture surface. From Fig. 6 (a1) and (a2), cleavage and quasi-cleavage
features manifest on the fracture surfaces of Fe2Ni2CrAl1.1 MPEA under uniaxial compression. Fig.
6 (a2) showed a small part of shallow dimple patterns. Fig. 6 (b1)-(b2) showed cleavage steps on the
fracture surface of Fe2Ni2CrAl1.2 MPEA. For Fe2Ni2CrAl1.3 MPEA, Fig. 6 (c1) showed typical
characteristic of bright island-like facets surrounded by and river-like patterns on the fracture surface.
The facets are characteristic of cleavage fracture patterns, and the formation of river-like patterns are
attributed to the merging of cleavage steps within a single grain. Fig. 6 (c2) showed gray slip lines, due
to slip driven by shear stress. As the temperature increases to 400 °C, only Fe2Ni2CrAl1.3 MPEA is
completely fractured, fractographic features were given in Fig. 6 (d1) and (d2). Cleavage steps and slip
lines were found on the fracture surfaces. Accordingly, the fracture mechanism of Fe2Ni2CrAlx MPEAs
can be classified as a combination of cleavage and slip separation, indicating that brittle fracture

occurred under compression.

1. Download: Download high-res image (935KB)



https://www.sciencedirect.com/science/article/pii/S0921509324009092?via%3Dihub#b43
https://www.sciencedirect.com/science/article/pii/S0921509324009092?via%3Dihub#fig6
https://www.sciencedirect.com/science/article/pii/S0921509324009092?via%3Dihub#fig6
https://www.sciencedirect.com/science/article/pii/S0921509324009092?via%3Dihub#fig6
https://www.sciencedirect.com/science/article/pii/S0921509324009092?via%3Dihub#fig6
https://www.sciencedirect.com/science/article/pii/S0921509324009092?via%3Dihub#fig6
https://www.sciencedirect.com/science/article/pii/S0921509324009092?via%3Dihub#fig6
https://www.sciencedirect.com/science/article/pii/S0921509324009092?via%3Dihub#fig6
https://www.sciencedirect.com/science/article/pii/S0921509324009092?via%3Dihub#fig6
https://ars.els-cdn.com/content/image/1-s2.0-S0921509324009092-gr6_lrg.jpg

2. Download: Download full-size image

Fig. 6. Fractographic features of (a1)(a2) Al1.1 (b1)(b2) Al1.2 (c1)(c2) Al1.3 at 200 °C; Fractographic
features of (d1)(d2) Al1.3 at 400 °C.
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Fig. 7. EBSD results on the deformed sample at 200 °C: (a1)—(a4) Al0.9 (b1)-(b4) Al1.1 (c1)-(c4) Al1.2
(d1)—~(d4) Al1.3 and 400 °C: (a5)-(a8) Al0.9 (b5)-(b8) Al1.1 (c5)-(c8) Al1.2 (d5)-(d8) Al1.3. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 8. EBSD results on the deformed sample at 600 °C (a1)—(a5) Al0.9 (b1)—-(b5) Al1.1 (c1)-(c5) Al1.2
(d1)—(d5) Al1.3.
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Fig. 9. EBSD results on the deformed sample at 800 °C (a1)—(a5) Al0.9 (b1)—-(b5) Al1.1 (c1)-(c5) Al1.2
(d1)—(d5) Al1.3.

EBSD of Deformed Samples: To further understand the deformation behavior of Fe2Ni2CrAlx
MPEA, Fig. 7 showed the EBSD results on the deformed sample at 200 °C and 400 °C. After the
deformation at 200 °C, the IPF and corresponding IQ maps were presented in Fig. 7 (a1)-(d1) and (a2)-
(d2). In accordance with the legend depicted in Fig. 7 (a1)—(d1), the orientations of [001], [101], and
[111]were denoted by red, blue, and green, respectively. The varied colors on the IPF map represented
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a random crystallographic texture. Fe2Ni2CrAl0.9 MPEA exhibited typical dendritic morphology. As
the atomic ratio of Alincreases to above 1.1, the grains showed equiaxial shape and slightly elongated
grains in some regions. Grain boundaries are divided into low angle grain boundaries (LAGBs) and high
angle grain boundaries (HAGBs). The grain boundary (GB) maps were plotted in Fig. 7 (a3)-(d3).
Obvious HAGBs were captured in Fe2Ni2CrAl0.9 and Fe2Ni2CrAl1.1 MPEA. While, a large number of
sub-boundary were observed in Fe2Ni2CrAl1.2 and Fe2Ni2CrAl1.3 MPEA. Fig. 7 (a4)—(d4) illustrated
the KAM maps on the deformed sample, which showed higher KAM values compared to the initial
microstructure. KAM maps for various regions showed different local strain levels. The grain boundary
was predominantly red, the area within the grains were green. It demonstrated a high KAM value for
the grain boundary and a lower KAM value within the grains. Accordingly, the plastic deformation was
more severe at the boundary, resulting in the non-uniform strain distribution during compression.
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Fig. 10. True stress—strain curves of Fe2Ni2CrAlx MPEAs at elevated temperature (a) 200 °C (b) 400 °C

(c) 600 °C (d) 800 °C.
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Fig. 11. The relationship of elne-lnc and the corresponding fitted curves (a) 200 °C (b) 400 °C (c)
600 °C (d) 800 °C.
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Fig. 12. Strain hardening rate of Fe2Ni2CrAlx MPEAs at elevated temperature (a) 200 °C (b) 400 °C (c)
600 °C (d) 800 °C.
Fig. 7 (a5)-(d5) and (a6)-(d6) the IPF and corresponding 1Q maps of the deformed sample after
compression at 400 °C. The increase in grain size in the Fe2Ni2CrAl0.9 MPEAs (Fig. 7 (ab)) was

detected in comparison to the deformed microstructure at 200 °C. Hence, at the same deformation
degree, the grain size tends to increase as the deformation temperature rises. From Fig. 7 (b5) and (b6),
a large number of elongated grains can be observed in Fe2Ni2CrAl1.1 MPEAs, which was quite
different from that at deformation temperature of 200 °C. Similar with the deformation at 200 °C, the
interior of grains contained a lot of LAGBs (Fig. 7 (a7)—(d7)) and in general the overall misorientation
within the grains slightly increased (Fig. 7 (a8)—(d8)). Based on our results, any noticeable porosity on
the microstructure evolution during compression was not revealed.

Fig. 8 presented the EBSD results on the deformed sample at 600 °C. From Fig. 8 (a1)—(d1) and (a2)-
(d2), the IPF and 1Q maps showed the formation of a lamellar-type microstructure with lamellae
elongated along the direction of metal flow. In some areas, small recrystallized grains appearing,
especially when the atomic ratio of Al is above 1.1, indicating the recrystallization softening at high-
temperature. Owing to the transformation of coarse equiaxed grains into subgrains during plastic
deformation, the microstructure was fragmented by crossing microshear bands and a number of
LAGBs formed in the grains (Fig. 8 (a3)-(d3)). Fig. 8 (a4)-(d4) illustrated the KAM maps on the deformed
sample, which showed higher KAM values compared to the deformed microstructure at 200 °C and
400 °C. The misorientation angle distribution were summarized in Fig. 8 (a5)-(d5), the overall
misorientation at the same temperature changed considerably with varying Al contents. More LAGBs
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can be found within the grains as the atomic content of Alexceeds 1.2. The observed inhomogeneous

microstructure was probably associated with non-uniform strain distribution during compression.

The grain-boundary strengthening resulted in the superior strength of Fe2Ni2CrAl1.2 MPEAs and

Fe2Ni2CrAl1.3 MPEAs.

The EBSD results on the deformed sample at 800 °C were presented in Fig. 9. From Fig. 9 (a1) and (a2),

the recrystallization softening occurred in Fe2Ni2CrAl0.9 MPEAs. Very fine equiaxed grains can be

detected at dendrite boundaries. A lot of subgrain boundaries are generated within the dendrites (Fig.
9 (ad)), exhibiting large misorientation with high KAM values (Fig. 9 (a4)). For the Fe2Ni2CrAl1.1 MPEAs

(Fig. 9 (b1)-(b4)), shear bands were observed to coincide with initial grain boundaries, substructures

were developed with high KAM value. Compared with that at 600 °C, the increase in deformation

temperature to 800 °C resulted in the increase of the size of new grains in Fe2Ni2CrAl1.2 MPEAs (Fig.
9 (c1) and (c2)). The small equiaxed grains rose due to the development of dynamic recrystallization

in severely deformed regions. Some shear bands within the grains were inclined predominantly
at ~45° to compression direction. The elongated subgrains were observed in the initial coarse grains.

Subgrains with LAGBs were shown in Fig. 9(c3), and it showed large misorientation in subgrains.

From Fig. 9 (d1) and (d2), the formation of almost completely recrystallized structure was identified in
Fe2Ni2CrAl1.3 MPEAs. The size of the recrystallized grains increased noticeably at 800 °C. The
number of GBs was reduced, as well as the overall KAM value (Fig. 9 (d3) and (d4)). At higher
temperatures, both grain strength and grain boundary strength decrease, whereas the decrease in

grain boundary strength is faster than grains. Thus, the developed Fe2Ni2CrAl1.3 MPEAs exhibited

superior strength and plasticity at 800 °C. Dynamic recrystallization also helps in relieving internal
stresses caused by deformation, improving the overall stability and integrity of the Fe2Ni2CrAl1.3
MPEAs.

With respect to the microstructural analysis, no structural changes were observed for the developed

Fe2Ni2CrAlx MPEAs after high temperature deformation. Cracks were not observed at all the tested

temperatures. The obvious coarsening was observed in samples deformed at higher temperatures,

whereas the microstructure is still lamellar in appearance in Fe2Ni2CrAl0.9 MPEAs and retained

polygonal grain in Fe2Ni2CrAlx MPEAs (x>1.1). Regarding the typical high-temperature alloys, the
significant coarsening and loss of lamellar morphology were observed in AlCoCrFeNi2.1

HEAs [46] and a large amount of intragraunlar n precipitates formed a Widmanst tten pattern in the
INCONEL alloy 740 [47] at high temperature. Hence, the microstructural stability of Fe2Ni2CrAlx
MPEAs is comparable with the typical high-temperature alloys [46], [47]. During high-temperature
deformation, dynamic recrystallization is indeed a crucial mechanism in controlling the evolution of
the microstructure for various metals and alloys [48]. The recrystallized fraction in deformed samples
depends on the temperatures. At high temperatures, the recrystallized fraction generally increases.
For Fe2Ni2CrAlx MPEAs, subgrains develop in the vicinity of grain boundaries, and as deformation
increases, subgrain formation spreads throughout the entire grain volume. This phenomenon can also
be observed in other typical high-temperature alloys, such as CoCrFeNiMn and FeCoNiMnV
HEAs [49], [50], Ti-6.8Mo-4.5F-1.5Al[51]and nickel-based superalloy[52]. It suggests the
development of dynamic recrystallization in the alloy during the deformation at elevated temperatures.
The progressive increase in misorientation of existing subboundaries eventually converts them into
HAGBs [53], [54].

3.4. Work-hardening behavior at elevated temperatures

Fig. 10 plotted the true stress—strain curves of Fe2Ni2CrAlx MPEAs at elevated temperature. Under
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true stress-strain conditions, the strength of Fe2Ni2CrAl1.3 MPEA were 1392 MPa and 1328 MPa at
200°C and 400 °C, respectively. Afteryielding, all the studied alloys showed continuous strengthening.
With an increase in the testing temperature to 600 °C, a decrease in the yield strength was identified
and resulted in a reduced work hardening. It indicated that the work hardening capability of the
Fe2Ni2CrAlx MPEAs can be retained up to 800 °C. The alloys exhibited a very short work hardening
stage after yielding, followed by a steady state flow stage. It should be noted that the decrease in true
stresses are observed in the steady state flow stage at 600 and 800 °C. This is due to the softening
process caused by dynamic recrystallization at high temperature.
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Fig. 13. Distribution of stress—strain field during deformation process at elevated temperature (a)(b)
200 °C (c)(d) 400 °C (e)(f) 600 °C (g)(h) 800 °C.

The mechanical behavior was also assessed particularly focusing on its work hardening capability.
Hollomon analysis was utilized on the true stress—strain data during the plastic deformation to
investigate the hardening behavior of Fe2Ni2CrAlx MPEAs at elevated temperatures, as expressed in
Eq. (1) [55](1)eo=kenwhere, k denotes the strength coefficient, n denotes the hardening exponent. In
general, nis a critical parameter that significantly influences the strain coordination capacity of
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materials. A higher n indicates a material that can sustain higher levels of plastic deformation before
failure, demonstrating better strain coordination capacity.

Fig. 11 plotted the relationship of elne-lnc and the corresponding fitted curves during plastic
deformation process after yielding. The elne-Ilno plots at various temperature were close to a linear
relationship. At 200 °C, the Fe2Ni2CrAl0.9 MPEA showed a n value of 0.61, then dropped to 0.21 for
Fe2Ni2CrAl1.1 MPEA. With anincrease in Alcontent from 1.2to 1.3, the nincreased from 0.32 to 0.39.
As the temperature rose to 400 °C, Fe2Ni2CrAl0.9 MPEA and Fe2Ni2CrAl1.2 MPEA possessed stronger
work hardening effect, with n value of 0.58 and 0.57, respectively. At 600 °C, Fe2Ni2CrAl1.1 and
Fe2Ni2CrAl1.3 MPEA possessed a higher n value of 0.86 and 0.74, respectively. With a further increase
in temperature to 800 °C, the n value of Fe2Ni2CrAl1.3 MPEA decreased to 0.33. A slight variation can
be observed for the Fe2Ni2CrAl0.9 MPEA, with the n value of 0.29. The n value of Fe2Ni2CrAl1.1 MPEA
and Fe2Ni2CrAl1.2 MPEA are much higher than Fe2Ni2CrAl0.9 MPEA and Fe2Ni2CrAl1.3 MPEA. In
general, during plastic deformation, the grain slip leads to entanglement of dislocations, elongation,
fragmentation, and fibrosis of the grains, and residual stresses are generated inside the alloys. Due to
the excellent plasticity of Fe2Ni2CrAl0.9 MPEAs at 200 °C and 400 °C, compared with other alloys, it
shows the most desirable strain coordination capacity. As temperature increases to 600 °C and 800 °C,
all the developed alloys display great plasticity. The nucleation of new grains and the consumption of
old grains through dynamic recrystallization create a fine-grained microstructure that impedes
dislocation motion, allowing a good strain coordination capacity of Fe2Ni2CrAl1.1 MPEA.

For a further understanding, the work-hardening behavior of Fe2Ni2CrAlx MPEA can be evaluated by
the strain-hardening rate 8, as expressed in Eq. (2) [56].(2)e6=do/dewhere o denotes the true stress
and eg corresponds to the strain. Based on the true stress-strain curves, 6 can be obtained as a
function of true plastic strain, as illustrated in Fig. 12. From the plot, a rapid drop was observed in the
initial stage of the curves. With an increase of true strain, the 6 curves displayed an almost linear
reduction at the temperature of 200 °C and 400 °C. As the temperature rises to 600 °C and 800 °C, the
Fe2Ni2CrAlx MPEAs undergo softening during deformation, and as the strain increases, the work
hardening behavior and softening mechanism reach a dynamic equilibrium, with the 6 curves tending
to stabilize. The 6 increased with the addition of Al at 200 °C and 800 °C. While, at 400 °C and 600 °C,
Fe2Ni2CrAl0.9 MPEAs displayed a higher 6 in the steady state.

Accordingly, the Fe2Ni2CrAlx (x>1.1) MPEA exhibited superior high-temperature strengths up to
800 °C; the Fe2Ni2CrAl1.3 MPEA, especially, had exceptional plasticity and a large strain-hardening
capacity, and is a very promising candidate for high-temperature service. The formation and evolution
of subgrains contribute to continuous strain hardening. HAGBs can act as effective barriers to
dislocation motion and promote work-hardening ability. According to the EBSD analysis on the initial
microstructure, there is no simple relationship between the grain size and mechanical properties at
elevated temperature.
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Fig. 14. Stress—strain curves obtained from FEM simulation (a) 200 °C (b) 400 °C (c) 600 °C (d) 800 °C.
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Fig. 15. Distribution of damage field during deformation process at elevated temperature.

3.5. Finite element simulation on deformation behavior at elevated temperatures

The deformation behavior of Fe2Ni2CrAl1.3 MPEA was simulated using a FEM simulation package at
various temperature (200 °C, 400 °C, 600 °C, 800 °C). The upper die is moving down while the lower
die remains stationary, which was consistent with the process of compression test. Fig. 13 depicted
the resulting contour map for the distribution of stress field and the corresponding strain field within
the sample. Herein, Fig. 13 (a)(b) and (c)(d) illustrated the state of sample before fracture at 200 °C
and 400 °C, respectively. Since no fracture occurred above 400 °C, Fig. 13 (e)(f) and (g)(h) presented
the state of sample after undergoing a 50% deformation. It can be observed that the stress and strain
field within the sample varied with the temperatures. At all temperature conditions, Fe2Ni2CrAl1.3
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MPEA experienced significant strain at the center. From the perspective of the top view, the top central
zone exhibited small stress and strain since the flowability was reduced in the contact areas resulted
from expected friction effects. The FEM simulations effectively demonstrated the inhomogeneity
within the sample, stress concentration and the highest strain occurring at the center of the sample.
To further investigate the mechanical evolution within the sample under compressive load, we
selected 3 typical points, located at the position near the edge in the middle of the sample (point 1),
the centeral position in the middle of the sample (point 2), and the central zone near the top die (point
3). Fig. 14 showed the comparison of the stress—strain at the 3 points simulated by the FEM simulation
at differenttemperatures. From Fig. 14 (a), there were significant differences in stress—strain evolution
among the three points in the deformed sample. It can be inferred that the deformation within the
sample is uneven under compression at 200 °C. The stress at point 3 was significantly smaller than
the points atinterior of the sample. As the temperature increases, the stress—strain curves of the three
points were nearly overlapping. Evidently, the deformation inside the sample became more uniform
when the temperature exceeds 400 °C, only slight differences can be observed. For comparison, the
evolution trend of the stress—strain curve obtained from simulation were consistent with the curve
measured from experiments, verifying the reliability of the FEM simulation results.

To understand the degree of damage to the sample under compressive load, Fig. 15 presented the
distribution of damage field during deformation process at elevated temperature. Obviously, the
degree of damage inside the samples were uneven. At all the tested temperature, large damage is
concentrated in the central area of the sample. From the cross-sectional view, the edge zone (marked
in the figure) was severely damaged at temperature of 200 °C. As the temperature rose to 400 °C,
significant damage occurred to the central zone of the sample. With further increase of temperature,
the degree of damage tended to be uniform between the edge zone and the central zone. It showed
slight damage at the top and bottom central zone, which contacted with top and bottom die. Through
the thermo-mechanical FEM simulation, this study presents the stress and strain distribution inside
the sample during compression deformation at elevated temperature, as well as the degree of
damage to the sample revealing the high temperature mechanical behavior of Fe2Ni2CrAl1.3 MPEA.
4. Conclusion

In this work, the effect of Al content on the mechanical properties at elevated temperature of
Fe2Ni2CrAlx (x=0.9, 1.1, 1.2, 1.3 in molar ratio) MPEAs were investigated. The strength of the
Fe2Ni2CrAlx MPEAs increased as the Al content increases. At high temperatures, the Fe2Ni2CrAl1.3
MPEA exhibits superior strength and good work hardening ability among the developed alloys, even
up to 800 °C. Due to the low density, Fe2Ni2CrAl1.3 MPEA exhibits much higher specific yield strength
values than most reported HEAs and conventional alloys. The fracture mechanism of Fe2Ni2CrAlx
MPEAs is a combination of cleavage and slip separation. Recrystallized grains appeared during
deformation at high temperature above 600 °C. FEM model results coupled with thermomechanical
simulations provide the stress and strain field distribution within Fe2Ni2CrAl1.3 MPEA at different
temperature. The degree of damage to the alloy under compressive load is evaluated, which can help
to understand the high-temperature deformation behavior of Fe2Ni2CrAl1.3 MPEA. The lightweight
Fe2Ni2CrAl1.3 MPEA demonstrates effective application in high-temperature fields.
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