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Abstract

The effects of cold rolling and subsequent annealing on the microstructures and mechanical properties of Fe,,Mn,,
CryNi,, high-entropy alloys (HEAs) are investigated. The Cr-rich secondary phases with a tetragonal structure
(o phases) in the Fe,,Mn,,Cr,,Ni,, HEAs are precipitated upon annealing at 600 °C-900 °C for 2 h. The prepared
Fe,oMn,,Cr,,Ni,, HEA annealed at 800 °C for 2 h after cold rolling has a good combination of strength and
elongation, with a high yield strength of 438 MPa, a high ultimate tensile strength of 676 MPa, and an excellent
elongation to fracture of 32%. The mechanical properties at cryogenic temperature are better than those at room
temperature. Typically, for the incompletely recrystallized alloy annealed at 700 °C, the yield strength, tensile
strength, and elongation after fracture are increased by 26%, 22%, and 100%, respectively. This trend mainly
depends on dislocation and twinning strengthening. The ¢ phases also improve the cryogenic tensile properties.
Furthermore, the recrystallization kinetics of the Fe,,Mn,,Cr,,Ni,, HEAs are explored to correlate with the
deformation behavior.

Keywords: High-entropy alloys, mechanical properties, plastic deformation, recrystallization kinetics, cryogenic
temperature
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INTRODUCTION

High-entropy alloys (HEAs) are a new type of structural material that has attracted widespread attention in

1-5]

the last decade. Due to their special internal characteristics", such as high configurational entropy'?, large
lattice distortion” and slow atom diffusion"”, HEAs have several compelling features, including super-
high strength"", excellent fracture toughness"” and extreme corrosion resistance”"". Among newly
designed HEAs, the tensile strength and ductility of single-phase face-centered-cubic (FCC) HEAs at 77 K
are significantly higher than at 298 K. This feature is due to the continuous activation of a large number of
twins at low temperatures whilst maintaining a high fracture toughness of up to 219 MPa-m"* (at 77 K).
These characteristics endow HEAs, as new low-temperature structural materials, with a wide range of

application prospects.

In order to further improve the tensile properties at cryogenic temperature, especially the low yield strength,
various strengthening mechanisms have been intensively introduced, including solid solution, dislocation,
second phase and phase transformation strengthening, and fine grain refinement. For example, Li et al.

found that a strain-induced FCC to hexagonal-close-packed transformation enhances Fe,,Mn,,Co, Cr,,
HEAs with an ultimate tensile strength (UTS) of ~870 MPa and a uniform elongation of ~75%". However,
FCC HEAs are difficult to popularize due to their low yield strength and high cost, especially because they
contain expensive Co and Ti elements. The development of Co-free FCC HEAs has therefore become of
critical importance.

Based on current work and early findings, a low-cost four-component HEA using thermodynamic
calculations was developed to adjust the phase precipitation and recrystallization kinetics. Moreover, the ¢
phase was employed to strengthen the low-temperature tensile properties. Due to the formation of fine ¢
phases in the FCC matrix, newly-developed HEAs exhibit good yield and tensile strengths of 0.52-1.02 and
0.70-1.15 GPa, respectively, and a low temperature ductility of 20%-78%. Considering the effects of the
recrystallization, grain size, and secondary phase, the relationships between the microstructures, mechanical
properties, and deformation mechanisms of Fe,,Mn,,Cr, Ni,, HEAs are investigated.

MATERIALS AND METHODS

The studied Fe, Mn,,Cr, Ni,, cast ingots with dimensions of 450 x 200x 70 mm® and weights of ~50 kg were
prepared with vacuum-induction melting equipment using pure metal elements (purity of > 99.95 wt.%).
Additional elements, such as carbon and oxygen, are inevitable in the preparation for the actual industrial
production. After homogenization for 1.5 h at 1200 °C, the alloy ingot was hot rolled at 1150 °C for seven
passes and with a final rolling temperature of 850 °C to produce a plate with a thickness of ~7 mm, which
was then water quenched. The 15 x 10 x 7 mm’sheet cut from the hot-rolled sheet by electrical discharge
machining (EDM) was cold rolled to 1.26 mm (an ~82% reduction). To prevent the specimen from bending,
unidirectional rolling was selected during pre-deformation and each sample was rotated 180° for each pass.
The alloy was annealed at 600, 700, 800, and 900 °C for 2 h in a preheated furnace at the corresponding
temperatures and then cooled to room temperature with water.

Dog-bone-shaped tensile specimens with gauge dimensions of 1 x 10 x 3 mm’were cut by EDM. The
uniaxial tensile test was performed using an Instron 5969 testing machine with the assistance of a digital
image correlation technique. Three specimens were tested with a strain rate of 1 x 10° s™* at ambient
temperature (293 K) and liquid-nitrogen temperature (77 K) along the rolling direction. All tensile tests
were repeated at least three times to ensure the reliability and reproducibility of the results. The cross
section of the tension-fractured sample was mounted to analyze the deformed structure.
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The phase identification was characterized by X-ray diffraction (XRD) using Cu Ko radiation with a
scanning speed of 0.02°/s. The microstructure of the annealed alloy under different conditions was
characterized by optical microscopy and scanning electron microscopy (SEM) at 20 kV with a working
distance of 9.1 mm and equipped with an energy-dispersive detector. A total of 10-20 SEM images was
analyzed for each condition. Transmission electron microscopy (TEM) was used to investigate the crystal
structures and chemical compositions of the secondary phases. Thin slices for the TEM samples were
produced by mechanical polishing to a thickness of 35 pm. Disks (3 mm) were punched out from the foils
and polished in a double jet-polishing system (Tenupol-5, Struers) using an electrolyte consisting of
90 vol.% C,H,OH and 10 vol.% HCIO, with a voltage of 22.5 V at -20 °C. The TEM observations were
performed by employing a JEM-F200 microscope operating at 200 kV. Standard bright-field images and
diffraction patterns were obtained by employing a transmission electron microscope from Philips. Electron
backscattering diffraction (EBSD) was performed using a JEOL JSM-7100F scanning electron microscope at
an inclination angle of 70° at 20 kV. The obtained EBSD patterns were indexed using FCC copper as the
base crystal structure and analyzed by employing the commercially-available HKL Channel 5. EBSD was
used to analyze the microstructures and the degree of recrystallization. The EBSD samples were
mechanically polished using SiC papers and polished using an electrolyte consisting of 90 vol.% C,H,OH
and 10 vol.% HCIO, at 35 V for 15 s. The EBSD analysis was conducted at 25 kV with a beam size of 80 nm.

RESULTS AND DISCUSSION

Phase diagrams

The equilibrium phase diagram of the Fe,,Mn,,Cr, Ni,, HEA is obtained by using the equilibrium phase
diagram module of JMat-Pro, as shown in Figure 1. The liquidus temperature (the temperature at which a
solid crystallizes during the transition from liquid cooling to a solid) of the Fe, ,Mn,,Cr, Ni,, HEA is
~1360 °C and the solid-phase temperature (the temperature at which melting begins in an alloy) is
~1340 °C. The alloy exhibits the 5, FCC and body-centered cubic (BCC) three-phase structure when the
temperature is less than 400 °C, the o and FCC dual phases when the temperature is between 400 and 650 °C
and the FCC and BCC dual phases above 650 °C. Therefore, annealing at temperatures below 900 °C can
precipitate a small amount of ¢ phases in the alloy, hindering the growth of grain boundaries and improving
the yield strength of the alloy. Accordingly, the cold-rolled samples were annealed at 600, 700, 800, and
900 °C for 2 h. Generally, the HEA is actually obtained by non-equilibrium solidification, and it is
unavoidable to have a small amount of BCC phases and carbides in the solidified structure. Thus, during
rapid cooling, it is highly possible to “skip” the BCC phase and carbide region to obtain the FCC and o
phases. Simultaneously, due to the participation of C atoms, very few M,,C, carbides are produced.

Microstructures of HEA after initial hot rolling and subsequent annealing

Since the alloy inevitably deviates from its nominal composition during preparation, the actual composition
of the current HEA and the secondary phase was obtained by SEM-EDS elemental analysis, as shown in
Table 1. The design of the alloy is a new low-cost Co-free Fe,,Mn, Cr, Ni,, (at.%) HEA, which can further
improve its comprehensive mechanical properties while reducing the cost of the HEA. In Table 1, we also
detail the specific components of the secondary ¢ phase for a better explanation. The targeted
microstructure was determined by probing the respective phase constituents of the studied alloy system
annealed at particular temperatures. This process is completed by analyzing the XRD patterns of the
Fe,,Mn,,Cr,,Ni,, HEA after hot rolling and annealing at different temperatures [Figure 2]. It can be seen
from the figure that the alloy after hot rolling and annealing for 2 h remains a single-phase FCC structure.
When the annealing temperature reaches 600 °C, it could detect the weak diffraction peak of the
precipitated phase (it is confirmed that the precipitated phase is 6). When the annealing temperature
reaches 700 °C, the maximum number of diffraction peaks of the precipitated phase is detected. This trend
is consistent with the SEM analysis discussed later.
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Table 1. Chemical composition of matrix and precipitation of Fe,,,Mn,,Cr, Ni,, HEA (at.%)

Principal composition (at.%) Fe Mn Cr Ni
Matrix 40.67 19.79 18.85 20.69
Precipitated phase 9.58 32.61 54.93 2.88

HEA: High-entropy alloy.
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Figure 1. Equilibrium phase diagram of Fe,,Mn,,Cr,,Ni,, HEA. HEA: High-entropy alloy.
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Figure 2. (A) XRD patterns of prepared Fe,,Mn,,Cr,,Ni,, HEA samples in different states. (B) Enlarged view of the dotted box in (A).
XRD: X-ray diffraction; HEA: high-entropy alloy.

Figure 3A shows that the hot-rolled sample has single-phase equiaxed grains with a grain size of 13.3 pm.
Figure 3B-E show the elemental distribution (SEM-EDS) diagram of the hot-rolled sample. It can be found
that the alloying elements in the homogenized sample are uniformly distributed.

The SEM images of the Fe,Mn, Cr, Ni,, HEA after room-temperature rolling and annealing at
600 °C-900 °C are shown in Figure 4. The backscattered electron (BSE) micrograph of the sample annealed
at 600 °C for 2 h after rolling showed that a large number of slip bands was still retained within the sample,
indicating that the annealing temperature of 600 °C could not provide sufficient energy for the sample to
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Figure 3. (A) Inverse pole figure (IPF) map of hot-rolled HEA. (B-E) EDS elemental maps of Cr, Fe, Mn, and Ni elements. HEA: High-

entropy alloy.

Figure 4. Microstructures of Fe,,Mn,,Cr,Ni,, HEA at different temperatures with annealing for 2 h: (A) 600 °C; (B) 700 °C; (C)
800 °C; (D) 900 °C. HEA: High-entropy alloy.

cause the alloy to recrystallize [Figure 4A]. Figure 4B shows the SEM map of the sample annealed at 700 °C
for 2 h after rolling. It can be found that the FCC phase only partially recrystallized and retained a
significant amount of deformation microstructures. A larger number of secondary phase particles
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precipitates at the grain boundaries and inside the grains. The precipitated phase is confirmed to be a
tetragonal-structured Cr-rich ¢ phase by the XRD and selective area electron diffraction (SAED) analysis. At
higher annealing temperatures [Figure 4C and D], the alloy underwent complete recrystallization.

According to the SEM images, the grain sizes of the samples annealed at 800 and 900 °C for 2 h are 5.4 and
8.5 um, respectively. At the four temperatures, the amount of secondary phase is largest at the annealing
temperature of 700 °C and then decreases at 800 °C. The content of the precipitated phase is lowest when
the annealing temperature is 600 or 900 °C. For the 700 °C specimen, the ¢ particles are quite populated and
their size and volume fraction are 1438 nm and 18.2%, respectively. The volume fractions of the precipitated
phases of 8.3%, 13.5%, and 10.4%, annealed at 600, 800, and 900 °C, respectively, were obtained by Image-
Pro Plus 6.0 software. In the present study, o-phase particles were generally found at triple points, grain
boundaries and annealing twin boundaries, indicating that these locations are preferential nucleation sites
for heterogeneous nucleation, as presented in Figure 4.

At the studied temperature, it is found that the precipitated phases are larger at the triple points, slightly
smaller at the grain boundaries and finally smallest within the grains, as shown in the BSE micrograph of
Figure 4. Under these different microstructural characteristics, the size of the precipitates is affected by both
nucleation and growth. The nucleation sites of heterogeneous nucleation show different activation barriers,
with the activation barriers from the lowest to the highest being triple points < grain boundaries < stacking
faults < dislocations. In addition, since the grain boundaries provide a faster diffusion path than the
dislocation, the precipitation at the grain boundaries should grow faster than the precipitates located at the
dislocation"?. Therefore, the secondary phase in the recrystallized alloy is more likely to nucleate at the
triple points and grain boundaries.

Incomplete recrystallization occurred in the alloy subjected to annealing at 700 °C for 2 h. As shown in
Figure 4B, the incompletely recrystallized alloy is composed of fully and incompletely recrystallized grains.
In order to further study the grain orientation and dislocation distribution in the incompletely recrystallized
alloy, the recrystallized alloy was investigated and EBSD analysis was performed. Figure 5 shows the phase
map, IPF, grain boundary map, and Kernel average misorientation (KAM) maps obtained by EBSD of the
specimens after tensile fracture at low temperature. For the incomplete recrystallization of the HEA
[Figure 5a1-a4], the deformation twins of the partially recrystallized samples are mainly distributed in
partially recrystallized coarse grains, while in recrystallized fine grains, no twins were found within the
grains. This trend can be explained by the different magnitudes of the twin critical stresses in different
regions. For the complete recrystallization of the HEA [Figure 5b1-b4], the annealing temperature of 900 °C
provides sufficient energy to recrystallize the alloy. Fine ¢ phases in the IPF diagram of EBSD are shown in
Figure 5a. It is noteworthy that according to the KAM figure, the strain distribution in the partially
recrystallized grain is not uniform and the local strain at grain boundaries is higher than that in the grains.
In addition, the KAM value can also reflect the geometrically necessary dislocations in the alloy.

To identify the second-phase particles and their compositions, TEM studies were performed. Figure 6A
shows that dislocation walls are widely available in the HEA, which reveals that there is high dislocation
density within the grains. Figure 6B and C show the bright-field (BF) images of the HEA annealed at 700 °C.
The BF images show a complex microstructure with multiple particles. Figure 6D shows the TEM image of
the twins in a tensile specimen strained to fracture at 77 K. Moreover, twins are further verified by SAED in
Figure 6E and F. The green circle taken from the BF image corresponds to the pattern of the tetragonal ¢
phase near the [101] zone axis [Figure 6E], which is consistent with the XRD result. In Figure 6E, the SAED
patterns are indexed as a tetragonal-structured precipitate along the zone direction of [101]. Figure 6F



Ma et al. Microstructures 2022;2:2022015 | https://dx.doi.org/10.20517/microstructures.2022.12 Page 7 of 20

Figure 5. EBSD of Fe,,Mn,,Cr,,Ni,, HEA annealed at 700 and 900 °C for 2 h after tensile fracture at cryogenic temperature: (a, and b,)
phase maps; (a, and b,) IPF diagrams; (a; and b,) grain boundary diagrams, where the black solid lines represent the large-angle grain
boundaries and the red solid lines denote the twin boundaries; (a, and b,) KAM maps. EBSD: Electron backscattering diffraction; HEA:
high-entropy alloy.

Dislocation
: Wall

Figure 6. TEM micrograph of Fe,,Mn,,Cr,oNi,, HEA. (A) Bright-field TEM images for HEA. (B-D) TEM images of a precipitate and
twins in a tensile specimen strained to fracture at 77 K. (E) SAED patterns indexed as a tetragonal-structured precipitate along the zone
direction of [101]. (F) SAED pattern of the twin in (D). TEM: Transmission electron microscopy; HEA: high-entropy alloy; SAED:
selective area electron diffraction.

shows the SAED pattern of the twin in Figure 6D. SEM-EDS [Figure 7] also confirmed that the precipitate is
rich in Cr and poor in Fe. The combined line scans in Figure 7b are performed along the grain boundaries
that intersected the Cr-rich particles. Based on the SAED and SEM-EDS analysis in Figure 7 and XRD, the
structure of the Cr-rich phase can be identified.
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Figure 7. SEM-EDS of a precipitate phase. (a) SEM map image of precipitate and (a,-a,) elemental mapping results of Fe,,Mn,Cr,,Ni,,
HEA for Mn, Fe, Cr and Ni, respectively. (b) Combined line scan of precipitate. HEA: High-entropy alloy.

The o phase and its Cr content of 46.5 at.% were first reported in 1950 by Shoemaker and Bergman for the
Fe-Cr system"” .The presented results show significant similarity to those of Schuh ef al. where a second
phase is formed after annealing at a temperature of 450 °C-750 °C!"". The secondary phase found in this
study is the tetragonal Cr-rich ¢ phase, which is consistent with the phases observed in the long-term
annealed alloys at 700 °C. Based on the above, they are completely confirmed as the o stage!.

Mechanical properties of HEA

Representative engineering tensile stress-strain curves of the samples annealed at 600, 700, 800, and 900 °C
are displayed in Figure 8A. The yield strength, fracture trength and fracture strain are exhibited in
Figure 8B. As can be found in Figure 8A and B, the yield strength of the hot-rolled Fe,,Mn,,Cr, Ni,, HEA is
380 Mpa, which is more than double those of Fe-20Cr-10Ni""*, Fe-20Cr-12Ni"”, and Fe-16Cr-10Ni steels™.
Moreover, the elongations are also increased. After cold rolling, the yield strength increases to 920 MPa.
Although the subsequent annealing at 600 °C for 2 h further strengthens the alloy, it simultaneously induces
brittleness, similar to the results of Gu et al.”. High-temperature annealing will generally soften an alloy
significantly, accompanied by a decrease in yield strength but an increase in ductility. After rolling and
annealing at 900 °C for 2 h, the yield strength remains unchanged and the UTS is improved from 380 to
480 MPa, while the fracture strain is increased from 30% to 43%. The yield strength of 637 MPa and the UTS
of 676 MPa were achieved for the annealed sample at 700 °C, although the total elongation was reduced to
15%. Compared with the cold-rolled samples annealed at 600 and 900 °C, the alloy annealed at 800 °C
suggests a good combination of high strength and ductility.
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Figure 8. Mechanical properties of Fe,,Mn,,Cr,,Ni,, HEA upon deformation at 298 and 77 K. (A and B) Engineering stress-strain
curves, yield strength, UTS, and fracture strain at room temperature. (C) Engineering stress-strain curves upon deformation at 77 K.
HEA: High-entropy alloy; UTS: ultimate tensile strength.

While the tensile ductility is remarkably increased with the decrease in the annealing temperature at 77 K,
just like at room temperature, the mechanical properties of the HEA at low temperatures are obviously
higher than those at room temperature [Figure 8C]. Typically, for the incompletely recrystallized alloy
annealed at 700 °C, the yield strength, tensile strength, and elongation after fracture are increased by 26%,
22%, and 100%, respectively. For the completely recrystallized alloy annealed at 900 °C, the yield strength,
UTS, and elongation after fracture are increased by 16%, 31%, and 86%, respectively. The HEA has good
plastic deformation ability at low temperatures**. This is because the alloy has a low stacking fault energy
and a large number of deformation twins is generated during low-temperature deformation, resulting in the
twinning-induced plasticity effect, which significantly improves the strength and plasticity of the alloy.

For HEAs with the FCC structure, the deformation mechanism at room temperature is dislocation slip.
However, at low temperatures, due to dislocation movement becoming difficult, the strength and ductility
increase simultaneously. The continuous activation of deformed twins leads to an increase in strength and
ductility at low temperatures, which is attributed to the continuous activation of deformed twins"”. This
feature is because the analytical shear stress can reach the critical stress of twins at low temperatures,
resulting in highly sustained strain hardening through the dynamic Hall-Page effect. According to the
results of Jo et al.”, strengthening and strain hardening have a significant influence on the o phase. In
addition, the grain size is further reduced due to grain boundary pinning. However, this has not been
reported in previous studies on HEAs. This result is unexpected because it is generally believed that the
presence of the ¢ phase formed in conventional alloys or HEAs will severely reduce the mechanical
properties™. Too many o-phases particles lead to low ductility, so the most important link is to adjust the
volume fraction of the o phase. The low-temperature yield strength and elongation of the alloy in this study
are compared with other FCC structural alloys, as shown in Figure 9A. Clearly, the present HEA has better
low-temperature mechanical properties than those of other alloys, for example, Al alloys"™, high Mn
steels®, Ni-based steels" ), transformation-induced plasticity steels®" and other HEAs!"***?>***| It is
particularly obvious that the yield strength and UTS are the highest, with values of 1080 and 1150 MPa,
annealed at 600 °C, respectively, with a loss of ductility.

Figure 9B presents the cost and elongation of samples with different annealing treatments of the current
HEA at 77 K, with the results of many recently developed structural alloys also included. Compared with
traditional Al alloys"*, Mg alloys"**’, Ni-based steels*), Fe-Mn steels"”**), high Mn steels'**"’, CrMn-based
alloys"", 304 steels and even most HEAs"***”"), although the strength is slightly lower than that of Ti alloys,
the HEA studied has a significant cost advantage. Since there is no expensive Co element, but there is a very
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Figure 9. Comparison of yield strength versus uniform elongation and cost upon deformation at 77 K. (A) Comparison of yield strength
and elongation of Fe,,Mn,,Cr,,Ni,, HEA with some reported alloys. (B) Cost comparison of Fe,,,Mn,,Cr,,Ni,, HEA with several alloys.
HEA: High-entropy alloy.

economical Fe element, the current alloy is more economical than other HEAs. This kind of alloy with
excellent mechanical properties and a low cost, therefore, exhibits broad application prospects as a
structural material at low temperatures and will bring new opportunities for the development of other
HEAs.

Deformation mechanisms of HEA

The low-temperature mechanical properties of the HEA are much better than the room-temperature
mechanical properties, which is closely related to its deformation mechanism at low temperatures. In recent
years, many studies have demonstrated that FCC HEAs have low stacking fault energy at low temperatures
and twins are more easily activated, thereby causing the deformation mechanism of HEAs to change from
dislocation slip to dislocation slip and twinning.

In order to further study the deformation mechanism at low temperature, TEM analysis was performed
near the fracture surface. Figure 6A indicates that a large number of dislocation cells were formed after
tensile fracture, demonstrating that there is a high dislocation density within the crystal grains. Compared
with the hot-rolled HEAsS, this is the most important reason for the substantial increase in strength. During
the stretching process, the mobile dislocation slides along the active slip system and may be hindered by the
dislocation, geometrically necessary dislocations (GNDs), and precipitates, thus resulting in dislocation
accumulation and high yield strength. Figure 6D shows a TEM image of the Fe, Mn,,Cr, Ni,, HEA annealed
at 700 °C for 2 h after low-temperature tension. Many primary twins are generated in the coarse grains that
have not been recrystallized during the low-temperature deformation. The SAED pattern in Figure 6F
proves the existence of deformed twins. This clearly suggests that twins are activated at 77 K. At present, it is
generally believed that twins in the deformation process continuously introduce new interfaces and work
hardening occurs by reducing the mean free path of dislocations. In addition, Idrissi et al.”” investigated
mechanical twins with high-density dislocations, which act as an effective barrier to dislocation sliding,
which further greatly promotes strain hardening. Therefore, the tensile performance of the HEA at low
temperature is better than that at room temperature. Moreover, it has an enhanced work-hardening ability
at low temperatures.
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After annealing at 700 °C, the microstructure of the HEA is a heterogeneous structure composed of grains
with different grain sizes and dislocation density distributions. Its high yield strength and relatively large
plasticity are mainly owing to the multiple strengthening mechanisms of complex heterogeneous structures
and high strain-hardening capabilities provided™, which can effectively prevent the occurrence of a stress

concentration. According to a previous study™

, since pre-existing dislocations can provide a large number
of nucleation points for dislocation proliferation, non-recrystallized grains undergo plastic deformation
mainly through the dislocation slip at the initial stage of deformation. As the strain increases, dislocation
slip is largely activated in non-recrystallized grains, while dislocation slip in most recrystallized grains is
greatly restricted. Therefore, the dislocations in the non-recrystallized grains gather around the grain

boundaries of the recrystallized grains instead of inside the grains.

In addition, due to the difference in the internal plastic strains of the two kinds of grains, the strain
incompatibility at the grain boundaries between the non-recrystallized and recrystallized grains is
continuously enhanced. Therefore, GNDs are required to maintain the continuity of strains.
Simultaneously, the newly proliferated dislocations inside the non-recrystallized grains interact with the
original dislocations, leading to the annihilation of the dislocations, and the dislocation density is greatly
reduced. As the strain increases, the twins in the non-recrystallized grains can be continuously activated,
thereby further increasing the strain-hardening rate.

The activation of twins in non-recrystallized grains indicates that dislocations can accumulate at the
interface of deformed twins, resulting in increased incompatibility within non-recrystallized grains, and this
incompatibility will also increase the back stress'*”. The dislocation density in the non-recrystallized grains
increases and the degree of dislocation strengthening is more obvious. Therefore, back-stress strengthening
and dislocation strengthening promote strain hardening. More dislocations are activated at the grain
boundaries and the back stress is significantly reduced. Furthermore, the dislocation source is largely
activated at the recrystallized grain boundaries. Therefore, the dislocation density in the recrystallized grains
is significantly increased. As a result, the twins in the recrystallized grains are activated, thereby gradually
increasing the strain-hardening rate. The dislocation nucleation points between the non-recrystallized and
recrystallized grains increase and the internal dislocation sources of the recrystallized grains increase, which
activates the deformation mechanism of the plasticity dominated by the dislocation slips. As the flow stress
increases, more twins in the heterogeneous structure are activated, resulting in an increase in the twin
density and twin thickness and a decrease in twin spacing. The dense twin substructure can hinder the
formation of dislocations and further enhance the dislocation hardening ability.

Here, a more detailed and intuitive understanding of the deformation mechanisms of the incomplete and
complete recrystallization is urgently needed. Figure 10 shows a schematic of the deformation process in the
partially recrystallized alloy at 700 °C annealing and fully recrystallized specimen at 900 °C annealing. It can
be seen that before tensile deformation, the grain size of recrystallization at 700 °C is much smaller than that
at 900 °C, but the precipitate size is larger than that at 900 °C. Part of the precipitated phase of
recrystallization is mainly distributed at the triple points and grain boundaries, and a small amount is
distributed in the grain interior. However, the precipitated phase of the complete recrystallization is more
distributed within the grain. Moreover, the size of the precipitated phase distributed at the triple points and
grain boundaries is obviously larger than that in the grain [Figure 4]. After tensile deformation, a large
number of dislocations and twins appeared in both partially and fully recrystallized structures, while no
twins were observed in fine grains partially recrystallized at 700 °C. The deformation twins were mainly
distributed in coarse grains that were not recrystallized. This trend can be explained by the different
magnitudes of twin critical stresses in different regions.
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o phase at triple points
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Figure 10. Tensile deformation process of HEA annealed at 700 and 900 °C for 2 h. (A and B) Schematics of the microstructure of non-
deformed sample. (C and D) Schematics of the microstructure of sample after fracture. HEA: High-entropy alloy.

However, various microstructures of incompletely recrystallized Fe, Mn,,Cr, Ni,, HEAs have different
deformation modes under low-temperature tension. The deformation modes of the non-recrystallized
coarse grains are dislocation slip and twinning, while the deformation mode of the recrystallized fine grain
is dislocation slip.

Compared with the hot-rolled HEA, this characteristic is the main cause of significant strengthening. When
the HEA is annealed at 700 °C, there is a heterogeneous structure of grains with two different length scales
and dislocation density inhomogeneity. At 77 K, the relatively high yield and ductility are attributable to the
excellent strain hardening ability caused by the multiple strengthening mechanisms of the complex
heterogeneous structure, which can avoid strain localization. Usually, the plastic deformation of non-
recrystallized grains is mainly caused by dislocation slip at the beginning of deformation, which leads to
dislocation and GND accumulation around grain boundaries. Further strain causes the twins in the non-
recrystallized grains to be activated. The back-stress hardening and twins in the non-recrystallized grains
increase the rate of strain hardening through strain. Some of the recrystallized grains surrounding the non-
recrystallized grains undergo plastic deformation by strained dislocation slip. Although most of the
recrystallized grains are deformed by dislocation slip, the twinning can still be activated, which significantly
increases the rate of strain hardening. Increasingly more twins can be activated in non-recrystallized and
recrystallized grains through strain. Dislocation sliding is highly activated in these grains and is propagated
through the grain boundaries.

Therefore, the increase in the effective stress has the same effect as the decrease in the back stress, resulting
in a more uniform distribution of dislocations within and between grains. In short, this special deformation
mechanism enables the heterogeneous structures to continuously undergo uniform elongation. It is
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precisely due to this special heterogeneous structure that the multicomponent HEA exhibits excellent
comprehensive mechanical properties at low temperatures.

Compared with high-temperature annealing, the alloy annealed at 700 °C for 2 h has an incomplete
recrystallization structure, which has a higher yield strength. In order to study the yield strengths of alloys
with different strengthening methods, different strengthening mechanisms were quantitatively analyzed.
Generally, the strengthening mechanisms of alloys include grain boundary, dislocation, and precipitation
strengthening. The yield strength of the current HEAs can be calculated by

g, = 0, +Ag, + Ag, + A, H

where o, is the initial yield strength of the homogeneous alloy and As,, Ac,, and Ag, are grain boundary,
dislocation, and precipitation strengthening, respectively.

It is well known that this contribution of the refined grains to the yield strengths of alloys can be calculated
using the classical Hall-Petch relation"”:

Aoy = k(d™? = dy %) &)

where d and d, are the average grain sizes of the alloy and hot-rolled alloy, respectively, and k, represents the
grain boundary strengthening coefficient (494 MPa - /im)". According to Eq. (2), the contribution of grain
boundary strengthening to the yield strength of the incompletely recrystallized alloy is ~144 MPa. For the
alloy annealed at 900 °C, the grain boundary strengthening value is 34.5 MPa. Ao, is the increase in the
strength due to dislocations. Therefore, it can be considered, employing the Taylor-hardening law'™*:

Aoy = MaGbpy'/? (3)

where M represents the Taylor factor (3.06) that converts shear stress to normal stress, o is a constant (0.26),
G is the shear modulus estimated as 85 GPa for this HEA® and p is the dislocation density, which was
estimated to be ~10” m™. The estimates of the dislocation density from the EBSD and XRD analysis are of
the same order of magnitude. The value of the dislocation hardening (Ac,) is 297 MPa. For the recrystallized

60]

alloy annealed at 900 °C, the dislocation density inside the grain is very small'*”,

It is generally accepted that there are two different mechanisms of precipitation strengthening, namely, the
Orowan looping mechanism and the dislocation shearing mechanism. The grain morphology distribution is
the main factor affecting alloy strength, including grain size, shape, and spacing. When the particle radius is
larger than the critical value or the particle is not coherent with the matrix, the Orowan mechanism is
usually dominant. In contrast, when the precipitates are very small and coherent, a shearing mechanism
occurs. The precipitation strengthening in this study is considered to be mainly due to the Orowan
mechanism. Therefore, the contribution of precipitates is given as'*':

_ Gbfp®, (Dp
Ao, = 0538 x 0= In (32) 4)
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where G is the shear modulus of the matrix, 85 GPa, for the studied alloy, which is measured by the
frequency at room temperature, b is the Burgers vector (0.255 nm), and D, and f, are the average grain size
and phase fraction of the precipitates (the specific values are listed in Table 2), respectively. The calculated
incremental contributions of 700 °C for 2 h and 900 °C for 2 h samples from precipitation strengthening are
14.2 and 66.5 MPa, respectively.

In summary, the calculated yield strength of the incompletely recrystallized alloy annealed at 700 °C for 2 h
is 665 MPa, which is in good agreement with the experimental result of ~640 MPa. The yield strength of the
recrystallized alloy at 900 °C is 320 MPa, which is close to the result from the experiments of 334 MPa. The
calculated errors are 3.9% and 4.1% for the alloys annealed at 700 and 900 °C, respectively, and may be due
to the following reasons. Firstly, the alloy contains a small amount of annealing twins and stacking faults,
which hinder the movement of dislocations, thereby increasing the strength of the alloy. Secondly, to
simplify the calculation, the precipitate particles are regarded as spherical particles in this study; however,
the alloy also contains a small amount of irregular tabular or square precipitates. Irregular plate-like or
square precipitates are more capable of hindering dislocation motion than spherical precipitates, so the
calculation process underestimates the contribution of precipitation strengthening to yield strength.

Recrystallization kinetics of HEA
In this study, the recrystallization behavior of the HEA was quantitatively studied using the JMAK model'*

X =1 — exp(—Bt?) (5

where X represents the recrystallized fraction given by the surface area fraction of the alloy (%), t is the
annealed time at the given temperature, B is a rate constant, and # is a temperature-independent index
related to the nucleation and growth rates, density and distribution of nucleation sites.

Figure 11A presents log[In(1/(1-X))] as a function of log[/nt] to calculate the Avrami constant, n. It can be
seen that the Avrami diagram in Figure 11B is approximately linear and the »n value obtained varies between
0.56 at 600 °C and 0.75 at 700 °C. It is reported that these values of most materials, which are associated with
recrystallization, are 1-2, and the deformation variables normally make no difference at that time®".
However, some studies report that this n value can be affected by the temperature and initial grain size. As
the temperature decreases or the grain size increases, the n has a fixed value of 1, which is unrelated to the
deformation variables. In the current work, the grain sizes of the 600, 700, and 800 °C annealed samples are
3.2, 5.4, and 8.5 pm, respectively. These grain sizes are much smaller than 50 pm. The n value studied by
Lii et al. increases with increasing temperature from 0.70 at 560 °C to 0.90 at 670 °C'*?. The value of 7 in the
current study is also maintained in the range of 0.5-1.0, as reported by Lii et al.””. However, these results are
still not well understood for different values of n.

The variation trend of the recrystallized fraction of the Fe, ,Mn,,Cr, Ni,, HEA with annealing time and
temperature is presented in Figure 11B. After the steady-state stage, the recrystallized rate gradually
increases up to the 50% recrystallized fraction (midpoint), after which the rate decreases and stops at an
almost fully recrystallized fraction (~98%). According to the traditional definition of the recrystallization
temperature (the minimum temperature at which the recrystallization (greater than the 95% transition) can
be completed within the 1 h holding time for the cold-deformed metal with large deformation (greater than
70%)"”, the recrystallized temperature of the cold-rolled Fe, Mn, Cr,,Ni,, is ~800 °C.
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Table 2. Important parameters affecting mechanical properties of studied materials

FCC phase o phase
Grain size (nm) Phase fraction (%) Diameter (nm) Phase fraction (%)
700 °C annealed 3120 81.8 1438 18.2
900 °C annealed 8450 89.6 734.7 10.4
FCC: Face-centered-cubic.
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Figure 11. Recrystallization kinetics of Fe,,Mn,,Cr,oNi,, HEA. (A) JMAK plots. (B) Recrystallized fraction against time plots. (C)
Recrystallization activation energy of Fe,,Mn,,Cr,oNi,, and other reported alloys, including FeMnC steels, 304 stainless steels, low
alloy steel Q345B, high Mn steel, 42CrMo steel, and 3Cr20Ni10W?2 heat-resistant and NiFeCr-based alloys. HEA: high-entropy alloy.

To further study the difference in temperature and time of the recrystallization kinetics of different HEAs,
we adopt an Arrhenius-type relationship to study the activation energy of recrystallization"”:

1 Q
T = Aexp(— (©)

where t is the characteristic recrystallization time corresponding to the recrystallization volume (the fixed
value we use here is 50%, which is t,.), R is the universal gas constant, T is the deformation annealed
temperature, Q is the apparent activation energy of recrystallization (kJ/mol), and A is the pre-exponential
factor. Static recrystallization is one of the thermally-activated processes. Hence, the activation energy can
be obtained from Figure 11C. The time for 50% softening has a linear relationship with temperature, and Q
can be extracted from the slopes of the curves in Figure 11C as 207 kJ/mol. The value is less than the
activation energy of self-diffusion in y - Fe (270 kJ/mol).
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We also compared the activation energy of FeMnC steels®”, 304 stainless steels'*”, Q345B high-alloy
steels'*”, 422CrMo steels'™, 3Cr20Ni10W2 steels'”) and NiFeCr-based alloys'*”. This value is significantly
smaller than that for dynamic recrystallization (380 kJ/mol), meaning that the temperature dependency for
static recrystallization is lower than that of dynamic recrystallization. In the case of stainless steels, there are
many studies regarding static recrystallization kinetics. It is known that the activation energy of the static
recrystallization of microalloyed steels is 240 kJ/mol. According to the study of Yang et al., the
compositional difference of HEAs mainly affects the recrystallization kinetics'”. The extrapolated
recrystallization activation energy is opposite to the diffusion activation energy, indicating that the volume
diffusion cannot control the recrystallization process of the alloy. The studied HEA activation energy of
recrystallization is not significantly different from that of a Fe-Mn-C steel or a Ni-Fe-Cr alloy. They have a
similar stacking fault energy, just like most single-phase FCC HEAs*”. The extruded Q value of the
3Cr20Ni10W2 alloy calculated by Quan et al. is 892.4 kJ/mol'”, which is significantly greater than that of
the studied HEA. Generally, the activation energy during thermal deformation is a function of various
parameters, such as the chemical alloy-type elemental composition, initial microstructure, and test
conditions.

In addition, deformation twins hinder the movement of dislocations, thereby increasing the energy-driven
recrystallization. According to the Bailey-Hirsch relationship®, the strain-hardening capacity is
proportional to the square root of the dislocation density. Hence, it is reasonable to assume that the greater
the strain hardening, the higher the dislocation density. For example, twin boundaries and the introduction
of twins were found in a-titanium” to improve the microstructure inhomogeneity, leading to the promoted
static recrystallization process. In addition, more nucleation sites are found in the shear bands, grain
boundaries, and tri-junctions of Fe-Mn-C steels"®”, which are inhomogeneous with the local orientation
gradient.

CONCLUSIONS

The current research work discusses the microstructure and mechanical properties of hot- and cold-rolled
Fe, Mn,,Cr, Ni,, HEAs annealed at different temperatures. The material was cold-rolled and annealed in a
temperature range from 600 °C-900 °C for 2 h at room temperature and 77 K. The second phases, enriched
in Cr, were observed. The mechanical properties of the current HEA at low temperature were better than
that at room temperature. We mainly studied the deformation mechanism without partially recrystallized
annealing at 700 °C and completely recrystallized annealing at 900 °C. The static recrystallization kinetics in
the cold-rolled Fe,,Mn, Cr, Ni,, HEAs were experimentally characterized with annealing at 600 and 800 °C.
The following conclusions can be drawn:

(1) The alloy exhibited a partially recrystallized structure when cold rolled and annealed at 700 °C. It was
composed of fine grains that were not completely recrystallized, which contained high-density dislocations.
When the annealing temperature was 900 °C, a completely recrystallized structure was formed and the grain
size increased simultaneously.

(2) The Fe, Mn, Cr,,Ni,, HEA had a yield strength of 800 MPa and a good elongation (30%) after an 82%
thickness reduction and annealing at 700 °C. This feature was not only related to dislocation strengthening
but also depended on the strengthening effect of deformed twins.

(3) The JIMAK model was in good agreement with the recrystallization kinetics curves of the
Fe,,Mn,,Cr, Ni,, HEAs. The Avrami index of Fe,,Mn,,Cr, Ni,, HEA at 82% cold-rolled deformation and 600
°C annealing temperature fluctuates between 0.56 and 0.75. The Arrhenius law with an apparent activation
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energy of 207 kJ/mol can describe the temperature dependence of recrystallization kinetics well. This value
is consistent with the diffusion value of the grain boundaries, and its ratio to the diffusion value of Cr and
Ni is 3:2.
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