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Abstract: FeCrMnNi high-entropy alloys prepared by vacuum induction melting were tested and
characterized using an X-ray diffractometer, a scanning electron microscope, a micro hardness tester
and a universal tensile tester to investigate the effects of the heat treatment temperature on the
microstructure and mechanical properties of the alloys and the heat-resistant corrosion properties
of FeCrMnNi alloy after annealing at 800 ◦C. It is a high-entropy alloy with a typical dendritic (DR)
morphology. With the increase in the heat-treatment temperature, the amount of ultrafine precipitates
with the BCC structure in the matrix increased; furthermore, the amount of ultrafine precipitates
started to decrease at temperatures above 900 ◦C, and the DR structure gradually weakened. After
heat treatment at temperatures above 800 ◦C, the alloy showed a tensile strength of 721.1 MPa and an
elongation at break of 26.7%, which indicates improved strength of the alloy while maintaining good
plasticity, mainly because a large amount of nanoscale particles precipitated between the DR structures
and enabled fine grain strengthening. Therefore, an appropriate heat-treatment temperature helps to
improve the overall mechanical properties of the high-entropy alloy.

Keywords: high entropy alloy; heat treatment; microstructure; mechanical properties; high temperature
steam corrosion

1. Introduction

Since their introduction, multi-element high-entropy alloys (HEAs) have attracted
considerable attention because of their unique structure and properties [1–6]. Unlike
conventional alloys, HEAs can be designed by adjusting the alloy composition to obtain
simple face-centered cubic (FCC) [7], body-centered cubic (BCC) [8], or hexagonal close-
packed (HCP) [9,10] solid-solution crystal structures, but the application of HEAs is limited
because of disadvantages such as compositional segregation, cold cracking and shrinkage,
and high internal stresses during the casting process [11–14]. Such defects and stress in the
internal structure of an HEA can be eliminated and an alloy with excellent structure and
properties can be obtained by adopting an appropriate heat treatment process [7,15,16]. In
recent years, the effects of heat treatment on the microstructure and mechanical properties of
high-entropy alloys have been studied from two aspects [17–20]: Firstly, the phase structure
of HEAs is more stable after heat treatment and the disorder degree in the high-entropy
alloy HEA system increases with the heat-treatment temperature. Thus, the alloy will
exhibit a simpler and more stable phase structure due to the more pronounced high entropy
effect after heat treatment. Yeh et al. [21] cast the Co1.5CrFeNi1.5Ti0.5 HEA into single
crystals by the conventional Bridgeman technique, and the alloy was stable in the γ′(Ni3Ti)
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phase at 800 ◦C and formed an unstable phase associated with the η phase at 900–1000 ◦C.
By annealing the as-cast CoCrFeNiTi0.5 alloy, Li Jiang et al. [22] obtained dendrites (DR)
containing in approximate equal amounts of Co, Cr, Fe, Ni, and relatively little Ti, and
inter dendrites (ID) consisting of (Ni, Ti)-rich phases, (Fe, Cr)-rich phases, and (Co, Ti)-rich
phases. Secondly, the second phase of the high-entropy alloy HEA could be precipitated
after heat treatment. There are many elements in the high-entropy alloy HEA and each
element has a different mixing enthalpy and solid solution degree. Therefore, the elements
in the as-cast alloy are distributed in different regions of the microstructure, the elements
are distributed in different regions of the microstructure, and the supersaturated elements
can be precipitated from the solid solution due to the decrease in the solid solubility with
the decrease in the temperature during the cooling stage of heat treatment. In this study,
CoCrFeNi [23], CoCrFeMnNi [11], and Al0.1CoCrFeNi alloys [24] were fully recrystallized
and annealed, and their mechanical properties were found to have similar characteristics:
i.e., good plasticity and low yield strength. Further, the FeCoNiCrMn series of HEAs are
the first proposed HEAs with a single-phase FCC structure, which can maintain excellent
plasticity and fracture toughness from room temperature to liquid nitrogen temperature.
However, the application and development of the alloy as a structural material are seriously
limited owing to the presence of the expensive Co element and its low yield strength of
less than 200 MPa at room temperature. In order to cope with complex environments such
as high temperature, corrosion and vibration, FeCrMnNi HEA should not only have good
mechanical properties, but also have excellent heat and corrosion resistance. FeCrMnNi
HEA contains a high content of anti-oxidation and anti-corrosion element Cr, so its thermal
corrosion resistance is studied.

In this study, we investigated the effect of the heat treatment temperature on the
microstructure and mechanical properties of the FeCrMnNi HEA (without Co) and we used
the heat treatment method to precipitate the second phase in the alloy in order to improve
its comprehensive mechanical properties. In order to explore its application potential in
new structural materials its heat and corrosion resistance were investigated.

2. Materials and Methods

In this experiment, Fe, Cr, Mn, and Ni metal particles with purity of 99.95% were used
to prepare primary ingots by vacuum induction melting, and the compensation amount of
Mn was determined to be 5%, by considering the burning loss of Mn during the melting
process. Vacuum arc melting was used for secondary melting. The nominal contents of each
element in the ingot obtained by vacuum consumable arc melting are shown in Table 1,
and the chemical composition results are close to the target values, with the chemical
compositions in the head and tail being evenly distributed.

Table 1. Elemental ratios for each system of high entropy alloys.

Alloy System Fe/wt% Cr/wt% Mn/wt% Ni/wt%

FeCrMnNi 25.2 23.5 24.8 26.5

Subsequently, rectangular test samples with the dimensions of 7 mm× 7 mm× 50 mm
were cut from the high-entropy alloy ingot by wire electrical discharge machining (WEDM),
and the samples were heat-treated at 700 ◦C, 800 ◦C, 900 ◦C, and 1000 ◦C with the same
heating time using a resistance furnace (Baoji De’an Industrial Furnace Co., Ltd., Xi’an,
China), followed by air-cooling. These were cut into test samples with the dimensions of
7 mm × 7 mm × 5 mm by WEDM. The as-cast and annealed samples were ground with
sandpaper with different particle sizes. Then, diamond was used for polishing until there
was no scratch on the surface under the metallographic microscope at 500 times. Finally,
the aqua regia was used as the corrosion solution to deal with the surface of the samples.
After the surface of the samples was cleaned with alcohol, these samples were used for
XRD analysis, microstructure observation, and Vickers hardness test.
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The phase structure of the test sample was analyzed by using an Empyrean X-ray
diffractometer (XRD, Shimadzu Co., Ltd., Kyoto, Japan), withcopper as the diffraction
target, a scanning angle of 20–100◦, and a scanning speed of 5◦/min. The microstructure
was characterized by using a Quanta-450-FEG + X-MAX50 scanning electron microscope
(SEM, Japan Electronics Co., Ltd., Tokyo, Japan), and the elemental composition was
analyzed using an energy spectrometer (EDS, Japan Electronics Co., Ltd., Tokyo, Japan).
The differential thermal analysis was performed with a Netzsch STA 449 C high-pressure
differential scanning calorimeter (NETZSCH Scientific Instruments Trading (Shanghai) Ltd.,
Shanghai, China). Further, the hardness test was carried out with a HV-10 micro-Vickers
hardness tester(Shen Zhen XinAansi material testing Co., Ltd., Shenzhen, China with a test
load force of 200 g and a holding time of 5 s, and the tensile properties were tested by using
a universal testing machine.

The FeCrMnNi alloy after heat treatment at 800 ◦C was subjected to corrosion test
in an autoclave. The corrosion solution was 1000 ppm boric acid and 2 ppm lithium
hydroxide, and the temperature and pressure were 360 ◦C, 18 Mpa, 400 ◦C and 10.3 Mpa
respectively. The sampling time is 3 days, 10 days and 14 days. Each sampling was
weighed by electronic balance, and the corrosion morphology was observed and analyzed
by scanning electron microscope.

3. Results and Discussion
3.1. DSC Curve Analysis

The DSC pattern of the FeCrMnNi alloy from room temperature up to 1200 ◦C is
shown in Figure 1. An endothermic peak and an exothermic peak are seen at 744 ◦C
and 870 ◦C, respectively, indicating a phase change during heating. The absence of a
low-temperature peak indicates that no solid-state phase change occurred in the alloy at
low temperatures. With increasing temperature, the phase in the alloy changed from the
metastable to the stable state, during which the new phase was precipitated and dissolved
in the supersaturated FCC solid solution.
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Figure 1. DSC pattern for FeCrMnNi alloy.

3.2. Effect of Heat Treatment Temperature on the Phase Structure of FeCrMnNi Alloy

XRD patterns of as-cast FeCrMnNi alloy samples after heat treatment at 700 ◦C, 800 ◦C,
900 ◦C and 1000 ◦C for 2 h are shown in Figure 2a. The main phase is FCC phase for most
of the diffraction peaks corresponding to the FeNi alloy (PDF#47-1405) with the FCC phase.
Additionally, the (110) crystal plane diffraction peak of BCC phase (PDF#34-0396) was
detected. After annealing, the intensity of the BCC-phase diffraction peak at 2θ of about 44◦

increased with the annealing temperature and reached the highest at 800 ◦C, which suggests
that the amount of the precipitated BCC phase increased. Furthermore, the intensity of
the BCC phase diffraction peak gradually decreased when the annealing temperature was
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further increased to 1000 ◦C and the amount of precipitated BCC phase decreased when
the alloy was heattreated at a higher temperature. The FCC solid solution in the as-cast
FeCrMnNi high-entropy alloy was a metastable supersaturated solid solution. When the
alloy was treated at an appropriate temperature, the BCC solid-solution phase precipitated
from the FCC phase and the FCC phase started to become stable, whereas at higher heat-
treatment temperatures, the precipitation of the BCC phase was gradually suppressed. The
phase change trends during the heat treatment were basically consistent with the DSC
results mentioned above. From the enlarged (111) diffraction peak in Figure 2b, it can
be seen that after the heat treatment, the main peak shifted slightly to the right (large
angle), indicating that the lattice constant of the FCC phase was reduced and thus the lattice
distortion was weakened.
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The FeCrMnNi alloy exhibited stable FCC and BCC crystal structures in both as-
cast and heat-treated states, and subsequent heat treatment did not result in a phase
change. However, the peak intensity ratio of I (111)/I (200) for the as-cast specimen was
significantly higher than that of I (111)/I (200) in the heat-treated sample, suggesting that
texture [25] might be formed in the grains of the as-cast FeCrMnNi high-entropy alloy,
which is commonly found in the face-centered high-entropy alloy after plastic deformation.
The I (111)/I (200) peak intensity ratio decreased during the subsequent annealing process,
demonstrating a weakening of the (111) texture during the annealing.

According to the Hume–Rothery rules, the atomic size difference (δ) and the enthalpy
of mixing (∆Hmix) are the two main factors for predicting the phase formation:

δ =

√√√√ N

∑
i=1

ci

(
1−ri/

(
N

∑
i=1

ciri

))2

(1)

∆Hmix =
N

∑
i=1,i 6=j

∆Hmix
AB cicj (2)

Here, N is the number of components in the alloy system, ci and cj are the atomic
percentages of the i-th and j-th components, ri is the atomic radius of the i-th component,
and the mixing enthalpy of the binary equiatomic AB alloy was −6.04 kJ/mol (within the
range of −15 to 5 kJ/mol) and δ was 2.75% (within the range of 1 to 5%). In addition,
thevalence electron concentration (VEC) was used to estimate the stability of the solid
solution, and it is defined as follows:

VEC = ∑n
i=1 ci(VEC)i (3)

Here, ci is the atomic percentage of the i-th component and (VEC)i is the VEC of the
i-th element. The results show that the VEC of the FeCrMnNi alloy was 7.75 (within in the
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range of 6.87 to 8.0), demonstrating that the mixed FCC phase and BCC phase could exist
simultaneously in the FeCrMnNi alloy, which is consistent with the XRD analysis results.

3.3. Effect of Heat Treatment Temperature on the Microstructure of FeCrMnNi Alloy

From Figure 3a–e, it can be concluded that the as-cast FeCrMnNi alloy exhibited the
typical DR morphology, as seen from the light gray DR and dark gray ID. The grain size of
as-cast alloy is 800 nm~200 µm. After heat treatment at 700 ◦C, the amount of ID gradually
increased. This is mainly because there were a larger number of elements in the alloy
and the elements with a high melting point solidified first during the solidification of the
alloy; this resulted in the enrichment of the low-melting-point elements in the solidification
front, lowered the actual solidification temperature of the liquid phase in front of the
solidification interface, and led to component super-cooling. With increasing heat treatment
temperature, an increasing number of atoms were released from the supersaturated DR
and diffused into the ID region. After heat treatment at 800 ◦C, an increasing amount
of precipitated phases were dispersed in the matrix, granular ultrafine precipitates were
observed, the amount of coarse DR was significantly reduced, and the structure of the DR
was gradually weakened. These observations indicate that with increasing temperature, the
diffusion activation energy in the alloy system increased, which accelerated the diffusion
migration between atoms and promoted the mutual solubility between elements; thus,
the microstructure transformed and the composition became gradually homogenized.
The ultrafine precipitated phase might be the BCC structure detected by XRD analysis.
After heat treatment at 900 ◦C, the precipitates grew gradually from fine grains to fine
needle-like structures, and the area of the ID increased, resulting in the formation of a
network structure. With the increase in the heat treatment temperature to 1100 ◦C, the DR
disappeared and became island-like independent structures, the amount of precipitates
decreased significantly, and the precipitates grew into coarse grains. Thus, heat treatment
temperatures higher than 800 ◦C promote the growth of microstructures, resulting in a
large number of defects and vacancies in the alloy.

SEM micrographs of the FeCrMnNi alloy samples after heat treatment at 700 ◦C,
800 ◦C, 900 ◦C, and 1000 ◦C are shown in Figure 3(b1)–(e1). After heat treatment at 700 ◦C,
the precipitates were fine needles with lengths ranging from a few hundred nanometers to
about 10 µm. When the alloy sample was treated at 800 ◦C, the precipitates in the region
close to the ID were larger and were granular or rod-shaped, and the precipitates away from
the ID were fine nanoscale granular structures. Furthermore, the ultra-fine precipitates
of the sample treated at 800 ◦C were more dispersed than those of the sample treated at
700 ◦C. The precipitates of the alloy samples treated at 900 ◦C and 1000 ◦C grew larger
and decreased in number with increasing heat treatment temperature, suggesting that the
formation of precipitates was suppressed with the increase in the temperature, which is
consistent with the results of XRD analysis.

The image obtained after heat treatment at 1000 ◦C is enlarged and shown in Figure 3e.
Obvious twin morphologies are visible, which can be attributed to the following: Twins
tend to occur in some metals or alloys whose lattice structure is mainly FCC, and FeCrMnNi
high-entropy alloys are mainly composed of the FCC phase. The atoms in FeCrMnNi alloys
can diffuse sufficiently and form new phases after high-temperature and long-duration
heat treatment, and twins are formed during the formation and growth of new phases. The
growth of a new phase is accompanied by the movement of the phase boundary, during
which the atomic layers on the (111) crystal plane at the phase boundary corner (111)
occasionally appears to be mis-stacked, resulting in the appearance of a total lattice of
twin boundaries, followed by the formation of twins at the phase boundary corner. The
appearance of twins indicates that the higher temperature is sufficient to overcome the
stacking fault energy to form twins [26,27], which can result in grain refinement of the
coarse grains, thereby improving the overall alloy mechanical properties.
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Element planes scans were performed for Figure 3(a1,b1,d1), and the element distribu-
tion is shown in Figure 4. There were Cr-rich and Ni-poor zones in the FeCrMnNi alloy in
the as-cast state and after heat treatment at 700 ◦C, with uniform distribution of Fe and Mn.
When the heat treatment temperature was increased to 900 ◦C, the distribution of Fe, Cr,
Mn, and Ni gradually tended to become uniform. The areas corresponding to the points
marked (1 and 2) in Figure 3 were analyzed through EDS point scanning, and the elemental
contents at each point are listed in Table 2. The results show that the elemental content of
the matrix was basically in accordance with the designed composition of this alloy. Further,
in the as-cast alloy sample, and samples heat-treated at 700 ◦C and 800 ◦C, segregation of
Cr occurred at the position of the precipitated second phase, and the precipitated second
phase could be identified as the FeCr phase with the BCC structure. In the alloy samples
heat-treated at 900 ◦C and 1000 ◦C, the elemental contents were basically consistent with
the designed composition of the alloy, indicating that the higher heat treatment temperature
is conducive to further homogenization of the alloy composition.
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Table 2. EDS analysis results of FeCrMnNialloy micro-zones shown in Figure 3.

State of Test Sample Position Fe/At% Cr/At% Mn/At% Ni/At% C/At%

As-cast
1 28.13 42.70 14.56 8.63 5.97
2 29.88 25.76 16.90 20.59 6.88

Heat-treated at 700 ◦C
1 28.03 39.36 16.27 11.78 4.56
2 28.49 20.86 20.97 24.39 5.29

Heat-treated at 800 ◦C
1 28.78 42.87 13.84 10.10 4.41
2 18.90 15.15 28.13 34.25 3.57

Heat-treated at 900 ◦C
1 27.85 18.80 21.32 26.47 5.55
2 28.14 18.97 21.94 26.28 4.68

Heat-treated at 1000 ◦C 1 26.72 21.55 20.71 24.16 6.86

3.4. Effect of Heat Treatment Temperature on Mechanical Properties of FeCrMnNi Alloy

The variation in the micro-hardness of FeCrMnNi alloy at different heat treatment
temperatures is shown in Figure 5. The micro-hardness of the alloy decreases as the
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temperature increases, with the fastest decrease in hardness occurring at 900 ◦C and
1000 ◦C, mainly due to the recrystallization of the alloy in this temperature range.

Metals 2022, 12, x FOR PEER REVIEW 8 of 16 
 

 

Table 2. EDS analysis results of FeCrMnNialloy micro-zones shown in Figure 3. 

State of Test 
Sample  

Position  Fe/At% Cr/At% Mn/At% Ni/At% C/At% 

As-cast 
1 28.13 42.70 14.56 8.63 5.97 
2 29.88 25.76 16.90 20.59 6.88 

Heat-treated at 
700 °C 

1 28.03 39.36 16.27 11.78 4.56 
2 28.49 20.86 20.97 24.39 5.29 

Heat-treated at 
800 °C 

1 28.78 42.87 13.84 10.10 4.41 
2 18.90 15.15 28.13 34.25 3.57 

Heat-treated at 
900 °C 

1 27.85 18.80 21.32 26.47 5.55 
2 28.14 18.97 21.94 26.28 4.68 

Heat-treated at 
1000 °C 

1 26.72 21.55 20.71 24.16 6.86 

3.4. Effect of Heat Treatment Temperature on Mechanical Properties of FeCrMnNi Alloy 
The variation in the micro-hardness of FeCrMnNi alloy at different heat treatment 

temperatures is shown in Figure 5. The micro-hardness of the alloy decreases as the 
temperature increases, with the fastest decrease in hardness occurring at 900 °C and 1000 
°C, mainly due to the recrystallization of the alloy in this temperature range. 

 
Figure 5. Micro-hardness of FeCrMnNi alloy at different heat treatment temperatures. 

The tensile stress–strain curves of the as-cast and heat-treated FeCrMnNi alloys are 
shown in Figure 6. The as-cast FeCrMnNi alloy had a yield strength of 557.1MPa, a tensile 
strength of 717.2MPa, and an elongation at break of 24.6% as shown in Table 3. The tensile 
strengths of the FeCrMnNi high-entropy alloy samples after heat treatment at 700 °C and 
800 °C were 696.2 MPa and 719.2 MPa, respectively, i.e., very similar to the value for the 
as-cast alloy. After heat treatment at 700 °C, the elongation at break of the alloy decreased 
significantly and the plastic fracture. The elongation at break increased slightly after heat 
treatment at 800 °C, mainly because more nanoscale particles were precipitated between 
the DR, and this played a role in grain refinement and could be inferred to result in 
excellent overall mechanical properties according to the Hall–Petch theory. After heat 
treatment at 900 °C and 1000 °C, the tensile strength of the FeCrMnNi alloy decreased, but 
it had significantly increased elongation at break and highest plasticity after heat 
treatment at 1000 °C; this was mainly because of a large number of microcracks at the 
grain boundaries of the sample heat-treated at 1000 °C, which is more favorable to the 
dislocation slip, and can effectively improve the plasticity of the alloy, resulting in the 

Figure 5. Micro-hardness of FeCrMnNi alloy at different heat treatment temperatures.

The tensile stress–strain curves of the as-cast and heat-treated FeCrMnNi alloys are
shown in Figure 6. The as-cast FeCrMnNi alloy had a yield strength of 557.1 MPa, a tensile
strength of 717.2 MPa, and an elongation at break of 24.6% as shown in Table 3. The tensile
strengths of the FeCrMnNi high-entropy alloy samples after heat treatment at 700 ◦C and
800 ◦C were 696.2 MPa and 719.2 MPa, respectively, i.e., very similar to the value for the
as-cast alloy. After heat treatment at 700 ◦C, the elongation at break of the alloy decreased
significantly and the plastic fracture. The elongation at break increased slightly after heat
treatment at 800 ◦C, mainly because more nanoscale particles were precipitated between
the DR, and this played a role in grain refinement and could be inferred to result in excellent
overall mechanical properties according to the Hall–Petch theory. After heat treatment
at 900 ◦C and 1000 ◦C, the tensile strength of the FeCrMnNi alloy decreased, but it had
significantly increased elongation at break and highest plasticity after heat treatment at
1000 ◦C; this was mainly because of a large number of microcracks at the grain boundaries
of the sample heat-treated at 1000 ◦C, which is more favorable to the dislocation slip, and
can effectively improve the plasticity of the alloy, resulting in the highest plasticity of the
alloy treated at this temperature. In addition, it is also possible that there are a higher
number of FCC structures with better shaping properties, which also confirms the accuracy
of the XRD analysis results.

Table 3. Tensile properties of FeCrMnNi alloy heat-treated at different temperatures.

Test Sample Elongation at
Break (%)

Tensile Strength
(MPa) Yield Strength (MPa)

As-cast 24.6 717.2 557.1
Heat-treated at 700 ◦C 13.5 696.2 623.7
Heat-treated at 800 ◦C 26.7 719.2 589.0
Heat-treated at 900 ◦C 14.6 568.6 447.1

Heat-treated at 1000 ◦C 51.1 661.2 243.4
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According to XRD analysis results, when the heat treatment temperature was increased
to 700 ◦C, the amount of precipitating BCC phase increased and the slip plane was the (110)
plane, which makes it difficult to be activated, and due to the low stacking fault energy and
high stacking fault probability of BCC, the dislocation plugging was not easily relieved,
thus it was of high tensile and poor toughness. In case of heat treatment at 1000 ◦C, the
crystal structure of the alloy was FCC + BCC, and the amount of the FCC phase increased
with increasing temperature. Further, the slip plane of the FCC crystal structure was the
(111) plane, and the slip system could be easily activated, which results in the excellent
plasticity of the alloy sample.
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The SEM images of tensile fracture of as-cast and heat-treated FeCrMnNi alloy samples
are shown in Figure 7. The fracture morphology of the as-cast sample was mainly char-
acterized by ductile dimple fracture and some flat cleavage fracture. After heat treatment
at 700 ◦C and 800 ◦C, there were a large number of dimples and a few tearing ridges on
the fracture surface. According to the SEM images, the FeCrMnNi alloy was composed
of the FCC and BCC phases; furthermore, there were a large number of dimples in the
FCC phase region, and in the BCC phase region, there were a few tearing ridges but not
obvious dimples. For treatment at 900 ◦C, the alloy was characterized by intergranular
fracture, while dimples still could be observed in the grains. Thus, from the XRD and
SEM microstructure results, after treatment at 900 ◦C, the BCC phase changed into the
FCC phase. Further, BCC was a brittle phase at grain boundaries, resulting in the brittle
hard phase at grain boundaries to be the crack source during tensile deformation. With
the increase in the deformation stress, the cracks expanded along the grain boundaries
until fracture.

3.5. Hot Corrosion Properties of FeCrMnNi Alloy
3.5.1. Corrosion Weight Loss Curve

Figure 8 shows the weight loss curves of corrosion samples of FeCrMnNi alloy and
zirconium alloy at 360 ◦C and 400 ◦C, respectively. It can be seen from Figure 8a that
FeCrMnNi loses weight in 360 ◦C high temperature and high pressure water environment,
while zirconium alloy gains weight. With the increase in corrosion time, the weight loss of
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FeCrMnNi did not change significantly, and the weight gain of zirconium alloy increased.
As can be seen from Figure 8b, in the high-temperature steam environment at 400 ◦C,
FeCrMnNi loses weight first, then gains weight, and the weight increase increases with
time. The weight gain of zirconium alloy increases with time.
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3.5.2. Hot Corrosion Morphology

Figure 9 shows the microstructure of FeCrMnNi after corrosion in 360 ◦C high tem-
perature and high pressure water environment for 14 days. More evenly distributed oxide
particles are formed on the surface of FeCrMnNi. Through the surface scan analysis of the
distribution of O, Fe, Cr, Mn and Ni contents, as shown in Figure 10, it can be seen that
the oxygen content of large particles is high and the oxygen content of the substrate is low,
while the composition difference of Fe, Cr, Mn and Ni cannot be seen, so it needs further
point scan analysis. There is no obvious corrosion product on the surface of zirconium
alloy. It can be seen that the composition is evenly distributed and there is no element
aggregation. According to the composition analysis, as shown in Figure 11, the content of
O, Zr, Sn, Fe and Cr is 29.4 wt.%, 69.3 wt.%, 1.0 wt.%, 0.2 wt.% and 0.1 wt.%, respectively.

Metals 2022, 12, x FOR PEER REVIEW 11 of 16 
 

 

 
Figure 8. Corrosion weight loss curve of FeCrMnNi alloy (a) 360 °C (b) 400 °C. 

3.5.2. Hot Corrosion Morphology 
Figure 9 shows the microstructure of FeCrMnNi after corrosion in 360 °C high 

temperature and high pressure water environment for 14 days. More evenly distributed 
oxide particles are formed on the surface of FeCrMnNi. Through the surface scan analysis 
of the distribution of O, Fe, Cr, Mn and Ni contents, as shown in Figure 10, it can be seen 
that the oxygen content of large particles is high and the oxygen content of the substrate 
is low, while the composition difference of Fe, Cr, Mn and Ni cannot be seen, so it needs 
further point scan analysis. There is no obvious corrosion product on the surface of 
zirconium alloy. It can be seen that the composition is evenly distributed and there is no 
element aggregation. According to the composition analysis, as shown in Figure 11, the 
content of O, Zr, Sn, Fe and Cr is 29.4 wt.%,69.3 wt.%, 1.0 wt.% 0.2 wt.% and 0.1 wt.%, 
respectively. 

 
Figure 9. Microstructure after corrosion in 360 °C high temperature and high pressure water 
environment for 14 days of FeCrMnNi alloy. 

Figure 9. Microstructure after corrosion in 360 ◦C high temperature and high pressure water environ-
ment for 14 days of FeCrMnNi alloy.

Table 4 shows the results of point component analysis of Figure 11. It can be seen from
the composition analysis results in Table 4 that the outer layer of FeCrMnNi alloy has large
particles, high oxygen content, mainly Fe and Cr oxides, and low Ni content. The oxygen
content of small particles is about half lower than that of large particles, the content of Fe
and Cr increases, and the content of Ni increases slightly. The oxygen content of the bottom
layer is the lowest, and Fe, Cr and Ni are slightly higher than those of small particles. The
content of Mn is small and basically the same in the three morphologies.
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Table 4. Spot scan composition of FeCrMnNi alloy after corrosion in 360 ◦C high temperature and
high pressure water environment for 14 days.

Position Analysis Point O Fe Cr Mn Ni

Large Particle 29 28.8 51.1 14.8 0.9 4.5
Large Particle 30 27.6 52.0 14.6 1.0 4.9

Granule 31 15.2 60.4 16.8 0.9 6.8
Granule 32 15.2 61.1 16.3 0.9 6.5

Base 33 9.4 65.2 17.6 0.9 6.9
Base 34 9.1 65.1 17.8 1.0 7.1

Metals 2022, 12, x FOR PEER REVIEW 12 of 16 
 

 

  

  

 

Figure 10. Surface scan of FeCrMnNi alloy after corrosion in 360 °C high temperature and high 
pressure water environment for 14 days. 

Table 4 shows the results of point component analysis of Figure 11. It can be seen 
from the composition analysis results in Table 4 that the outer layer of FeCrMnNi alloy 
has large particles, high oxygen content, mainly Fe and Cr oxides, and low Ni content. 
The oxygen content of small particles is about half lower than that of large particles, the 
content of Fe and Cr increases, and the content of Ni increases slightly. The oxygen content 
of the bottom layer is the lowest, and Fe, Cr and Ni are slightly higher than those of small 
particles. The content of Mn is small and basically the same in the three morphologies. 

Figure 10. Surface scan of FeCrMnNi alloy after corrosion in 360 ◦C high temperature and high
pressure water environment for 14 days.



Metals 2022, 12, 1537 13 of 16

Figure 12 shows the microstructure of FeCrMnNi after corrosion in 400 ◦C high
temperature and high pressure water environment for 14 days. In 400 ◦C high temperature
and high pressure steam environment, relatively uniform particles are distributed on the
surface of FeCrMnNi. It can be seen from the surface scan of Figure 13 hat the oxygen
content of large particles is high, the oxygen content of substrate is low, and the distribution
of Fe, Cr, Mn and Ni is relatively uniform.

Metals 2022, 12, x FOR PEER REVIEW 13 of 16 
 

 

 
Figure 11. Spot scan of FeCrMnNi alloy after corrosion in 360 °C high temperature and high 
pressure water environment for 14 days. 

Table 4. Spot scan composition of FeCrMnNi alloy after corrosion in 360 °C high temperature and 
high pressure water environment for 14 days. 

Position Analysis Point O Fe Cr Mn Ni 
Large Particle 29 28.8 51.1 14.8 0.9 4.5 
Large Particle 30 27.6 52.0 14.6 1.0 4.9 

Granule 31 15.2 60.4 16.8 0.9 6.8 
Granule 32 15.2 61.1 16.3 0.9 6.5 

Base 33 9.4 65.2 17.6 0.9 6.9 
Base 34 9.1  65.1 17.8 1.0 7.1 

Figure 12 shows the microstructure of FeCrMnNi after corrosion in 400 °C high 
temperature and high pressure water environment for 14 days. In 400 °C high temperature 
and high pressure steam environment, relatively uniform particles are distributed on the 
surface of FeCrMnNi. It can be seen from the surface scan of Figure 13 hat the oxygen 
content of large particles is high, the oxygen content of substrate is low, and the 
distribution of Fe, Cr, Mn and Ni is relatively uniform. 

   

Figure 12. Microstructure after 14 days of corrosion in 400 °C high temperature and high pressure 
water environment of FeCrMnNi alloy. 

Figure 11. Spot scan of FeCrMnNi alloy after corrosion in 360 ◦C high temperature and high pressure
water environment for 14 days.

Metals 2022, 12, x FOR PEER REVIEW 13 of 16 
 

 

 
Figure 11. Spot scan of FeCrMnNi alloy after corrosion in 360 °C high temperature and high 
pressure water environment for 14 days. 

Table 4. Spot scan composition of FeCrMnNi alloy after corrosion in 360 °C high temperature and 
high pressure water environment for 14 days. 

Position Analysis Point O Fe Cr Mn Ni 
Large Particle 29 28.8 51.1 14.8 0.9 4.5 
Large Particle 30 27.6 52.0 14.6 1.0 4.9 

Granule 31 15.2 60.4 16.8 0.9 6.8 
Granule 32 15.2 61.1 16.3 0.9 6.5 

Base 33 9.4 65.2 17.6 0.9 6.9 
Base 34 9.1  65.1 17.8 1.0 7.1 

Figure 12 shows the microstructure of FeCrMnNi after corrosion in 400 °C high 
temperature and high pressure water environment for 14 days. In 400 °C high temperature 
and high pressure steam environment, relatively uniform particles are distributed on the 
surface of FeCrMnNi. It can be seen from the surface scan of Figure 13 hat the oxygen 
content of large particles is high, the oxygen content of substrate is low, and the 
distribution of Fe, Cr, Mn and Ni is relatively uniform. 

   

Figure 12. Microstructure after 14 days of corrosion in 400 °C high temperature and high pressure 
water environment of FeCrMnNi alloy. 

Figure 12. Microstructure after 14 days of corrosion in 400 ◦C high temperature and high pressure
water environment of FeCrMnNi alloy.



Metals 2022, 12, 1537 14 of 16

Metals 2022, 12, x FOR PEER REVIEW 14 of 16 
 

 

  

  

 

Figure 13. Surface scan of FeCrMnNi alloy after corrosion in 400 °C high temperature and high 
pressure water environment for 14 days. 

4. Conclusions 
(1) The FeCrMnNi alloy prepared by the vacuum induction melting method are FCC 

+BCC two-phase solid solutions, and the FCC solid solution in the as-cast FeCrMnNi 
high-entropy alloys is a metastable supersaturated solid solution. At an appropriate 
heat treatment temperature, the BCC solid solution phase precipitated from the FCC 
phase and the FCC phase began to become stable. At higher heat treatment 
temperatures, the precipitation of the BCC phase was gradually suppressed. 

(2) The as-cast FeCrMnNi alloy exhibits the typical morphology of DR and the amount 
of the precipitation phase of the matrix BCC structure increases with the increase in 
the heat-treatment temperature. After treatment at 800 °C, the ultrafine precipitates 
were dispersed in the matrix and precipitated, the fine needle-like structure of micro-
scale transformed into the granular structure of nano-scale, and the coarse DR of the 
alloy decreased significantly. After the heat treatment temperature was increased to 

Figure 13. Surface scan of FeCrMnNi alloy after corrosion in 400 ◦C high temperature and high
pressure water environment for 14 days.

4. Conclusions

(1) The FeCrMnNi alloy prepared by the vacuum induction melting method are FCC + BCC
two-phase solid solutions, and the FCC solid solution in the as-cast FeCrMnNi high-
entropy alloys is a metastable supersaturated solid solution. At an appropriate heat
treatment temperature, the BCC solid solution phase precipitated from the FCC phase
and the FCC phase began to become stable. At higher heat treatment temperatures,
the precipitation of the BCC phase was gradually suppressed.

(2) The as-cast FeCrMnNi alloy exhibits the typical morphology of DR and the amount
of the precipitation phase of the matrix BCC structure increases with the increase
in the heat-treatment temperature. After treatment at 800 ◦C, the ultrafine precip-
itates were dispersed in the matrix and precipitated, the fine needle-like structure
of micro-scale transformed into the granular structure of nano-scale, and the coarse
DR of the alloy decreased significantly. After the heat treatment temperature was
increased to 900 ◦C, the amount of ultrafine precipitates began to decrease and the
structure of DR weakened gradually. Further, when the heat-treatment temperature
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was increased to 1000 ◦C, the second phase structure became passivated and obvious
twin morphology appeared.

(3) With increasing heat treatment temperature, the tensile strength of the FeCrMnNi
alloy showed little change. After heat treatment at 800 ◦C, the alloy had tensile
strength of 721.1 MPa and the elongation at break was 26.7%, which indicates im-
proved strength while maintaining good plasticity. This was mainly because a large
number of nanoscale particles precipitated between the DR, resulting in fine crys-
tal strengthening.

(4) FeCrMnNi alloy loses weight in 360 ◦C high temperature and high pressure water
environment, and the corrosion loss is not obvious with the increase in corrosion time.
Evenly distributed oxide particles are formed on the surface, mainly Fe and Cr oxides.
After corrosion in 400 ◦C high temperature and high pressure water environment,
it loses weight first and then gains weight. With the increase in corrosion time, the
corrosion weight increases obviously, and evenly distributed oxide particles are also
formed on the surface. However, the particle size is smaller than that after corrosion
at 360 ◦C, indicating that the heat-resistant corrosion performance of FeCrMnNi at
400 ◦C is worse than that at 360 ◦C.
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