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1 Introduction
High-entropy alloys (HEAs), typically composed of 
five or more principal metallic elements with atomic 
concentrations ranging from 5at.% to 35at.%, generally 
favor the formation of single-phase solid solution 
structures[1-3]. Compared to traditional alloys, the 
high-entropy design expands the compositional space, 
delivering superior strength-ductility synergy[4-8], 
high-temperature stability[9-11], and wear and corrosion 
resistance[12, 13]. These exceptional properties stem from 
core HEA effects: high entropy, severe lattice distortion, 
and sluggish diffusion.
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Effects of heat treatment on microstructure and 
damping capacity of cast Fe42.75Mn19Co19Cr14.25Al5 
high-entropy alloy

Recently, considerable attention has been directed 
toward the damping performance of HEAs[14-17]. The 
damping capacity of these alloys, i.e., their ability 
to suppress vibrations by effectively absorbing and 
dissipating vibrational energy, can significantly mitigate 
noise and potential structural damage. Consequently, 
high-entropy damping alloys hold great promise for 
applications in vibration- and noise-sensitive fields, 
including aerospace, automotive manufacturing, and 
mechanical engineering.

The damping performance of HEAs can be tailored 
via microstructural design[14, 15, 18] or by eliminating 
crystal defects through heat treatment[19]. For example, 
research has shown that the damping capacity of a 
Fe30Cr25Ni25Mn15Co5 alloy produced via spark plasma 
sintering was significantly enhanced following 
annealing[18]. Although casting is the most prevalent 
method for preparing HEAs, few studies have focused 
on improving the damping properties of cast HEAs 
by directly manipulating microstructural defects 
via heat treatment. A critical question remains: how 
do heat treatments alter the phase constituents and 
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microstructural defects in cast HEAs, and how do these 
alterations, in turn, govern their damping behavior?

To address this, a Fe42.75Mn19Co19Cr14.25Al5 HEA was 
designed and subjected to annealing across a range of 
temperatures (800 °C-1,100 °C) in this work. Comprehensive 
characterization techniques, including X-ray diffractometry, 
scanning electron microscopy, electron backscatter diffraction, 
and transmission electron microscopy were employed to 
systematically compared the phase constitution, microstructural 
evolution, damping capacity, and tensile properties between 
the as-cast and annealed states. Through this systematic 
investigation, the underlying mechanisms governing the 
synergistic enhancement of damping capacity and plasticity 
are revealed, aiming to provide a viable pathway for tailoring 
the multifunctional performance of Fe-Mn-Co-Cr-Al
based HEA alloys.

2 Experimental procedures
The HEA sample s w i th a nomina l compos i t i on o f 
Fe42.75Mn19Co19Cr14.25A15 (at.%) were prepared. The fabrication 
process was as follows: Master alloy ingots were produced 
by melting high-purity (≥99.9wt.%) elemental blocks of 
Al, Fe, Co, and Cr, alongside an Fe-Mn intermediate alloy 
(containing 45.75wt.% Mn) in a non-consumable vacuum 
arc furnace under a high-purity argon atmosphere. To ensure 
compositional homogeneity, each ingot was flipped and 
remelted at least four times under electromagnetic stirring. 
Subsequently, the crushed master alloy chunks were remelted 
in a vacuum induction furnace under an argon atmosphere 
and cast into rectangular plates (50 mm×14 mm×2 mm) via 
copper mold injection casting. The as-cast samples were then 
annealed in a vacuum resistance furnace at 800, 900, 1,000, 
and 1,100 °C, respectively for 1 h, followed by air cooling. 
This specific temperature range (800-1,100 °C) was designed 
to encompass the complete phase transformation process, from 
microstructural homogenization to second-phase precipitation. 
Given the thin profile of the samples, a 1 h holding time was 
deemed sufficient to attain compositional homogeneity and 
thermal equilibrium while preventing abnormal grain growth.

Phase identification was performed using a SHIMADZU 
7000 X-ray diffractometer (XRD) equipped with Cu Kα 
radiation (λ=0.15406 Å) at a scanning rate of 4°·min-1.
Microstructural characterization was conducted using a Gemini 
SEM-300 scanning electron microscope (SEM) equipped 
with an energy-dispersive spectrometer (EDS), an electron 
backscatter diffraction (EBSD) system, and a JEM-2100 
transmission electron microscope (TEM). For TEM and 
EBSD analysis, the specimens were mechanically ground 
to a thickness of 50 µm, punched into 3 mm diameter disks, 
and subsequently ion-milled using a Gatan 695 precision ion 
polishing system. SEM samples were mechanically polished 
and etched with aqua regia (HCl:HNO3=3:1 by volume).

The damping capacity was evaluated using a Q800 
dynamic mechanical analyzer (DMA) on specimens 

measuring 35 mm×14 mm×2 mm. The tests were performed 
in a single cantilever beam mode at a frequency of 1 Hz. 
Room-temperature tensile properties were measured using a 
WDW-100 universal testing machine at a constant strain rate 
of 1×10-3 s-1, using dog-bone shaped specimens with gauge 
dimensions of 4 mm×2 mm×7 mm (a×b×L0).

3 Results and discussion
3.1 Microstructure evolution and phase 

constitution 
Figure 1 presents the XRD patterns of the Fe42.75Mn19Co19Cr14.25Al5 
alloy in both the as-cast and annealed states. The XRD patterns 
of the as-cast alloy reveal characteristic peaks corresponding 
to a face-centered cubic (FCC) phase. Following annealing 
at 800 and 900 °C, the intensity of the FCC diffraction 
peaks initially increases and then decreases, implying a 
temperature-dependent change in the phase constitution. 
However, upon annealing at 1,000 °C, a distinct diffraction 
peak corresponding to the (004) crystal plane emerges, 
signifying the precipitation of a new phase. When the 
temperature is further increased to 1,100 °C, the (004) peak 
intensifies, and an additional peak corresponding to the (103) 
plane appears. Comparison with the Joint Committee on 
Powder Diffraction Standards (JCPDS) database confirms 
that these new peaks are attributed to the Laves phase. 
These findings demonstrate a distinct evolution in the phase 
constitution, driven by the high-temperature formation of the 
Laves phase.

Fig. 1: XRD patterns of Fe42.75Mn19Co19Cr14.25Al5 HEA in 
as-cast and annealed states

F i g u r e 2 p r e s e n t s t h e E B S D p h a s e m a p s o f t h e 
Fe42.75Mn19Co19Cr14.25Al5 HEA in both the as-cast and annealed 
states. As depicted in Fig. 2(a), the as-cast HEA is primarily 
composed of an FCC matrix phase (99.7vol.%) with a minor 
fraction of a body-centered cubic (BCC) second phase. The 
discrepancy in phase identification between the XRD results 
(indicating a single FCC phase, Fig. 1) and the EBSD maps 
[revealing an FCC+BCC dual-phase structure, Fig. 2(a)] is
likely attributable to the limited detection resolution of 



 675

CHINA  FOUNDRYVol. 23 No. 5 September 2026
Research & Development

Fig. 2: EBSD maps of Fe42.75Mn19Co19Cr14.25Al5 HEA as-cast (a) and annealed at 800 °C (b), 900 °C (c), 1,000 °C (d), 
and 1,100 °C (e), respectively for 1 h

Fig. 3: SEM images of Fe42.75Mn19Co19Cr14.25Al5 HEA as-cast (a) and annealed at 800 °C (b), 900 °C (c), 1,000 °C (d), 
and 1,100 °C (e), respectively for 1 h

(a) (b) (c)

(d) (e)

conventional XRD for trace phases. Following annealing 
at 800 °C or 900 °C, this minor BCC phase completely 
transforms into the FCC phase, resulting in a single-phase 
FCC microstructure [Figs. 2(b) and (c)]. The absence of BCC 
reprecipitation during subsequent cooling further validates its 
thermodynamic instability within the as-cast alloy. When the 
annealing temperature is elevated to 1,000 °C, a small amount 
of Laves phase begins to precipitate, as illustrated in Fig. 2(d). 
Upon further annealing at 1,100 °C, the volume fraction of the 
Laves phase significantly increases to ~7vol.%, consistent with 
the enhanced Laves phase diffraction peaks observed in the 
XRD analysis. Overall, the EBSD results align well with the 
XRD data for all conditions, providing robust evidence for the 
phase transformation sequence in this HEA.

Figure 3 illustrates the microstructural evolution of the 

Fe42.75Mn19Co19Cr14.25Al5 alloy in both the as-cast and annealed 
states. As observed in the EBSD phase map [Fig. 2(a)], the 
as-cast alloy predominantly consists of a striated FCC phase. 
The distinct orientations of these striations correspond to 
different grains. After annealing at 800 °C, the microstructure 
remains entirely composed of the striated FCC phase, with no 
discernible grain growth observed [Fig. 3(b)].

Upon annealing at 900 and 1,000 °C, the microstructure 
transitions to an equiaxed grain structure containing a small 
fraction of intragranular twin boundaries [Figs. 3(c) and (d)].
However, as the annealing temperature is further increased 
to 1,100 °C, distinct second-phase precipitates within the 
alloy. Combined EBSD (Fig. 2) and energy-dispersive X-ray 
spectroscopy (EDS) analysis (Fig. 4) verify that this newly 
formed second phase is a Cr-rich Laves phase. The elemental 

(a) (b) (c)

(d) (e)
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distribution maps (Fig. 4) demonstrate a uniform distribution 
of Fe, Mn, Co, and Al within the matrix, whereas Cr exhibits 
distinct enrichment regions corresponding to the Laves phase. 
Additionally, localized Al-rich spots (observed as red regions 
in the Al map, Fig. 4) correspond to the black particulate 
features in Fig. 3(e). These are likely Al2O3 inclusions formed 
by the reaction between Al and residual oxygen in the melt 
during the preparation of the master alloy ingots.

Figure 5(a) shows a bright‑field TEM micrograph of the 
as-cast alloy. The as-cast microstructure primarily consists of 
an FCC matrix containing twin boundaries, which are marked 
by blue dotted lines. Figure 6 presents selected diffraction spots 
corresponding to the BCC phase, FCC phase, twin structure, 
and Laves phase. The red dashed square in Fig. 5(a) highlights 
the FCC matrix region selected for SAED analysis, and the 
corresponding SAED pattern is displayed in Fig. 6(b). Diffraction 
features associated with twins are illustrated in Fig. 6(c).
Furthermore, a small amount of the BCC phase, marked by the 
yellow dashed square in Fig. 5(a), is observed within the FCC 
matrix; its relevant SAED pattern is provided in Fig. 6(a).

The microstructural evolution of the annealed alloys is 

shown in Figs. 5(b-e). After annealing at 800 °C [Fig. 5(b)], 
the microstructure mainly consists of a single FCC phase, as 
shown in the red dashed square, which confirmed by the SAED 
pattern in Fig. 6(b). Local dislocation-cell or dislocation-network 
features can be observed near the region marked by the yellow 
arrow. Upon increasing the annealing temperature to 900 °C 
[Fig. 5(c)], distinguishable twin boundaries are observed in 
the FCC matrix, indicating the formation of annealing twins 
during heat treatment. It is generally accepted that twinning in 
FCC alloys is favored when the stacking fault energy (SFE) 
falls within a suitable range, typically 18-45 mJ·m-2[20], and 
similar twinning behavior has also been reported in other 
Co-containing alloys[21-25]. Further annealing at 1,000 °C 
[Fig. 5(d)] retains distinct twin lamellae in the FCC matrix. 
The orange dashed square marks the local secondary‑phase 
or FCC/Laves interfacial region for SAED analysis, and 
the diffraction pattern in Fig. 6(d) confirms the Laves‑phase 
formation. This observation is consistent with the XRD and 
EBSD results, which indicate the initial precipitation of the 
Laves phase at 1,000 °C. At 1,100 °C [Fig. 5(e)], no obvious twin 
lamellae are observed in the examined TEM field. Instead, 

Fig. 4: Elemental distribution in Fe42.75Mn19Co19Cr14.25Al5 alloy after annealing at 1,100 °C

Fig. 5: TEM bright-field images of Fe42.75Mn19Co19Cr14.25Al5 HEA as-cast (a) and annealed at 800 °C (b), 900 °C (c), 
1,000 °C (d), and 1,100 °C (e)

(a)

(d)

(b)

(e)

(c)

FCC
FCC FCC

FCC
FCC

Laves phase

Laves phase

BCC
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Fig. 7: Damping-strain amplitude curves of 
Fe42.75Mn19Co19Cr14.25Al5 HEA in as-cast and 
annealed states at a test frequency of 1 Hz

Fig. 6: Selected diffraction spots of BCC phase (a), FCC phase (b), twin crystal structure (c), and Laves phase (d)

(a) (b) (c) (d)

dislocation walls or dislocation tangles are observed near 
the interface regions associated with the FCC matrix and the 
precipitated Laves phase. Overall, the TEM observations are 
consistent with the preceding SEM, EBSD, and XRD analysis.

3.2 Damping property
Figure 7 illustrates the variations of damping capacity (Q-1) of 
the alloy in different states with respect to the strain amplitude (γ).
It is evident that the damping capacity of the as-cast alloy 
shows a monotonically increasing trend with the increasing 
strain amplitude. The damping capacity increases rapidly 
when the strain amplitude is less than 2×10-4, yet the rate of 
increase decelerates as the strain amplitude exceeds 2×10-4.
At a strain amplitude of 7.5×10-4, the damping capacity for the 
as-cast alloy reaches its peak value of 0.04850. In comparison 
with the as-cast alloy, the annealed alloys exhibit significantly 
improved damping properties. The crucial disparity lies in the 
strain amplitude within the range of less than 3×10-4, resulting 
in a more pronounced enhancement in damping capacity. 
When all the damping capacity values attain their maxima 
within a small strain amplitude range, they subsequently 
exhibit a gradual decline. Specifically, the damping capacity of 
the sample annealed at 900 °C for 1 h reaches the maximum 
value of 0.06364 at strain amplitude of 3.299×10-4. While at 
800; 1,000; and 1,100 °C, the maximum damping capacity 
values are 0.06188, 0.05774, and 0.05586, respectively, with 
corresponding strain amplitudes of 2.706×10-4, 4.106×10-4,
and 3.089×10-4. The variation in the strain amplitude 
corresponding to the maximum damping capacity implies 

that the microstructural defects are sensitive to the annealing 
temperature. 

Although SEM images reveal minor micropores, the identical 
fabrication parameters ensured a consistent baseline porosity 
across all samples. Since the subsequent heat treatment exerts 
a negligible effect on pore distribution, the observed variations 
in damping capacity are primarily attributed to the evolution 
of phase constituents (FCC/BCC/Laves) and defect structures 
(dislocations/twins). Thus, the influence of porosity on the 
observed trends is considered limited.

Under a low strain amplitude of less than 2×10-4, damping 
capacity exhibits a rapid increase, with the hysteresis effect 
being the dominant factor. This phenomenon is consistent with 
the internal stress theory model, known as the S-B model[26]:

Q-1 =  
4KE2λγ

3πσi
                                 (1)

where K represents a dimensionless constant, E denotes the 
Young’s modulus, λ signifies the magneto strictive coefficient, 
and σi stands for the average internal stress. Based on Eq. (1),
the damping capacity is directly proportional to the strain 
amplitude and inversely proportional to the stress. This 
implies that lower average internal stress and greater strain 
amplitude result in better damping behavior. Compared to 
the as-cast alloy, the slope of the damping capacity curves 
in the low strain amplitude region for the annealed alloys 
in Fig. 7 increases significantly. This is mainly due to the 
growth in grain size resulted from the annealing treatment, 
which decreases the corresponding surface area of the grain 
boundary and significantly reduces the internal stresses in 
the alloy. These combined effects reduce the energy barrier 
for magnetic‑domain motion and enhance domain mobility. 
Annealing further yields better‑ordered, more finely spaced 
magnetic domains, lowering domain‑movement resistance, 
improving migration efficiency, and providing more 
domain‑damping sources to dissipate vibration energy more 
effectively[16]. Therefore, annealing plays a crucial role in 
improving the damping performance of alloys. 

Following annealing, the damping peak first increases and 
then decreases with increasing annealing temperature (Fig. 7).
This behavior is associated with the presence of defects, such 
as vacancies and twins, which act as sources of magnetic 
domain damping and thereby reduce the migration rate of 
magnetic domains. At higher annealing temperatures, atoms in 
the alloy move more vigorously, allowing for more vacancies 
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to be eliminated by migrating to the surface or binding with 
interstitial atoms. Therefore, a higher strain is required to 
enhance the motion of the damping source when the annealing 
temperature is lower. When annealing at 1,000 °C, Laves 
phase enriched in Al and Cr elements forms. Upon further 
increasing the temperature to 1,100 °C, a significant amount of 
Laves phase precipitates, hindering the movement of magnetic 
domains, dislocations, and twinning defects within the grains. 
Therefore, the damping performance of the sample annealed at 
900 °C for 1 h reaches its optimal level. 

When the strain is at a high level exceeding 2×10-4, 
ferromagnetic damping is not the only damping mechanism. 
The energy dissipation arising from the synergy between 
dislocation motion and twin boundary movement maintains 
high damping performance within the medium-to-high strain 
amplitudes range. The damping performance, Q-1, under high 
strain is described by Eq. (2)[27]:

        Q-1 = Qdis
 + Qtwin

-1 -1
                                                         (2)

where Qdis
 -1 is related to the dislocation pinning theory, or 

Granato-Lücke theory[28], which suggests that the dissipation of 
vibrational energy is primarily caused by the stress required to 
overcome the movement of dislocation lines pinned at atomic 
or vacancy sites. Qtwin

 -1  represents the damping contribution 
associated with twin-boundary motion. The damping 
characteristics expressed by a logarithmic decay function are 
determined by the following equation:

      Qdis =  exp(-       )
C1 C2

ε ε
-1

                        (3)

where C1 and C2 can be expressed as follows:

C1=  (         )
ρLn

Lc

3

2                                 (4)

C2=  (         )
1
Lc                                 (5)

where ρ represents dislocation density, Ln and Lc signify the 
average distances between strong pinning points and weak 
pinning points, respectively, and ε represents the strain 
amplitude. The magnitude of damping not only depends on 
dislocations but also on the number of anchoring points, as the 
quantity of pinning points directly affects the values of C1 and 
C2

[29]. When a dislocation moves within the lattice, it encounters 
pinning points that act as obstacles. Additional stress is 
required to overcome this pinning force for the dislocation to 
continue its advancement. Consequently, dislocation motion 
is impeded, leading to a reduction in velocity and additional 
energy dissipation, thereby demonstrating high damping 
performance. Furthermore, under cyclic stress, the movement 
of twin boundaries can effectively absorb vibrational energy 
and enhance the damping capacity of alloys[30, 31]. According 
to Xu et al.[32], the movement of twinning directly influences 
the damping capacity. As depicted in Fig. 7, the Q-1 value 
of the as-cast alloy increases with the increasing strain 
amplitude in the high strain range, which is associated with 
the movement of twin boundaries within the alloy. During the 
annealing treatment, the alloy undergoes a continuous growth 

in grain size as the annealing temperature increases. This 
phenomenon results in enhanced mobility of dislocations and 
twins within larger grains. The migration resistance of twin 
boundaries within the same grain is relatively low, resulting in 
greater energy dissipation during their migration and further 
enhancement of damping properties. Compared with the BCC 
structure, the FCC structure is more prone to dislocations and 
stacking faults, enabling FCC-based HEAs to exhibit higher 
resistance to deformation. The motion of twin boundaries also 
contributes to the high strain amplitude damping capacity. At 
room temperature, point defects diffuse slowly, and essentially 
remain stationary at their original positions. Under stress, 
point defects can detach from the interface temporarily. Once 
the external force is removed, the interface quickly returns to 
its original position due to the attraction of the point defects, 
exhibiting a rubber-like behavior that dissipates energy. The 
motion of twin boundary is influenced by twin boundaries, 
precipitates, and segregation, which leads to changes in the 
damping properties of the alloy during annealing[33].

3.3 Tensile properties
Figure 8 illustrates the room-temperature engineering 
stress-strain curves of the HEA in both the as-cast and annealed 
states. The inset in the figure presents the dimensions of the 
dog-bone tensile specimen. The quantitative tensile properties 
for all conditions (mean±standard deviation) are summarized 
in Table 1. As shown in Table 1, the as-cast alloy exhibits 
the highest yield strength (YS) and ultimate tensile strength 
(UTS), accompanied by a baseline plastic elongation (EL) of 
approximately 33.2%. In contrast, the annealed alloys generally 
exhibit enhanced ductility at the expense of YS and UTS. 
Notably, the specimen annealed at 900 °C exhibits the maximum 
damping capacity while retaining a reasonable combination of 
strength and ductility, indicating a favorable balance between 
functional and mechanical properties.

The tensile deformation behavior of these specimens is closely 
associated with their underlying microstructures. As shown in 
Figs. 5(c) and (d), annealing twins actively develop in the alloys 
heat-treated at 900 and 1,000 °C. During plastic deformation, 
these newly formed twin boundaries act as effective obstacles 
that hinder dislocation slip, triggering a shift in the deformation 
mechanism toward twinning-induced plasticity (TWIP). 
Conversely, the absence of annealing twins in the alloys treated 
at 800 and 1,100 °C [Figs. 5(b) and (e)] suggests that their 
deformation relies primarily on conventional dislocation slip.

Generally, metallic materials exhibit a significant mutual 
constraint, or trade-off, between damping capacity and 
mechanical strength. Conventional strengthening mechanisms, 
such as second-phase precipitation or high-density dislocation 
pinning, inherently restrict the mobility of interfaces and 
magnetic domains, inevitably leading to a deterioration in 
damping performance. However, this work demonstrates that 
a synergistic optimization of both properties can be achieved 
by regulating the stacking fault energy (SFE) via targeted 
heat treatments. In the specimen annealed at 900 °C, the high 
density of annealing twins and stacking faults exhibits a dual 
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Fig. 8: Stress-strain curves of Fe42.75Mn19Co19Cr14.25Al5 HEA 
in as-cast and annealed states measured at room 
temperature

Table 1: Mechanical properties of the alloy in as-cast state 
and after annealed at 800-1,100 °C for 1 h

Condition YS (MPa) UTS (MPa) EL (%)

As-cast 270±6 560±3 33.2±0.4

800 °C, 1 h 201±4 483±4 33.3±0.3

900 °C, 1 h 146±4 520±3 37.1±0.4

1,000 °C, 1 h 180±7 502±2 35.2±0.3

1,100 °C, 1 h 192±3 463±3 41.2±0.5

functionality: They serve as effective sources for vibrational 
energy dissipation (damping) and simultaneously act as key 
carriers for plastic deformation via the TWIP effect. This 
microstructural duality enables the alloy to acquire superior 
functional damping properties while maintaining a substantial 
structural load-bearing capacity. These findings suggest that 
tuning defect substructures via an optimized heat treatment 
window offers a promising pathway to balance damping and 
mechanical performance, providing a valuable paradigm for 
damping-oriented microstructural design.

4 Conclusions
In this work, the trade-off relationship among microstructural 
stability, damping capacity, and mechanical properties of the 
cast FeMnCoCrAl high-entropy alloy was systematically 
investigated via annealing heat treatment. The main findings 
and mechanisms are summarized as follows:

(1) Microstructural evolution mechanism: Annealing 
temperature serves as a critical variable for regulating the phase 
stability and defect substructures of the as-cast FeMnCoCrAl 
high-entropy alloy. Low-temperature annealing effectively 
eliminates the unstable BCC phase, achieving homogenization 
of the FCC matrix, whereas annealing above 1,000 °C induces 
the precipitation of the brittle Cr-rich Laves phase. Furthermore, 
annealing at 900 °C induces a unique microstructural state 
characterized by a high density of annealing twins and stacking 

faults, which lays the structural foundation for the synergistic 
enhancement of damping and plasticity.

(2) Competition and synergy of damping mechanisms: 
The damping performance is governed by the competition 
between internal stress relief and defect evolution. The peak 
damping capacity (Q-1=0.0636) obtained at 900 °C is primarily 
attributed to two factors. First, the reduction in internal stress 
and grain growth induced by annealing minimize the pinning 
effect on magnetic domain walls, facilitating their irreversible 
movement and thereby enhancing ferromagnetic damping. 
Second, a moderate density of stacking faults and twins 
provides effective energy dissipation without obstructing 
domain wall and dislocation motion, unlike the Laves phase 
that precipitated at higher temperatures.

(3) Structural-functional synergy based on the TWIP 
effect: This work proposes an effective strategy to balance the 
damping and mechanical properties of high-entropy alloys. 
Although annealing inevitably leads to a reduction in strength, 
annealing at 900 °C successfully activates the twinning-induced 
plasticity (TWIP) deformation mechanism. This mechanism 
enables the alloy to maintain good work-hardening capability 
and sufficient ductility reserve even within a microstructure 
rich in crystalline defects, thereby avoiding the brittleness risks 
common in functional materials. This finding suggests that 
precisely regulating stacking fault energy via heat treatment to 
trigger the TWIP effect is a universal pathway for designing 
high-damping high-entropy alloys, under the premise of 
ensuring adequate structural load-bearing capacity.

Acknowledgments
This work was financially supported by the Liaoning 
Prov ince Appl i ed Fundamenta l Resea rch Program 
(No. 2023JH2/101700043) and the Liaoning Province Natural 
Science Foundation (No. 2023-MSLH-341), China.

Conflict of interest
The authors declare that they have no conflict of interest.

References
[1] 	 Yeh J W, Chen S K, Lin S J, et al. Nanostructured high-entropy 

alloys with multiple principal elements: Novel alloy design 
concepts and outcomes. Advanced Engineering Materials, 
2004, 6(5): 299-303.

[2] 	 Cantor B, Chang I T H, Knight P, et al. Microstructural 
development in equiatomic multicomponent alloys. Materials 
Science and Engineering: A, 2004, 375: 213-218.

[3] 	 Wang F J, Zhang Y, Chen G L, et al. Cooling rate and size 
effect on the microstructure and mechanical properties 
of AlCoCrFeNi high entropy alloy. Journal of Engineering 
Materials & Technology, 2009, 131(3): 034501.

[4]	 Zhang Y, Zuo T T, Tang Z, et al. Microstructures and properties 
of high-entropy alloys. Progress in Materials Science, 2014, 61: 
1-93.

[5]	 Gludovatz B, Hohenwarter A, Catoor D, et al. A fracture-resistant 
high-entropy alloy for cryogenic applications. Science, 2014, 
345(6201): 1153-1158.



680

CHINA  FOUNDRY Vol. 23 No. 5 September 2026
Research & Development

[6] 	 Jo Y H, Jung S, Choi W M, et al . Cryogenic strength 
improvement by utilizing room-temperature deformation twinning 
in a partially recrystallized VCrMnFeCoNi high-entropy alloy. 
Nature Communications, 2017, 8(1): 15719.

[7]	 Lei Z, Liu X, Wu Y, et al. Enhanced strength and ductility in 
a high-entropy alloy via ordered oxygen complexes. Nature, 
2018, 563(7732): 546-550.

[8]	 Shi P, Li R, Li Y, et al. Hierarchical crack buffering triples 
ductility in eutectic herringbone high-entropy alloys. Science, 
2021, 373(6557): 912-918.

[9]	 Lu Y, Dong Y, Guo S, et al . A promising new class of 
	 high-temperature alloys: Eutectic high-entropy alloys. Scientific 

Reports, 2014, 4(1): 6200.
[10]	 An N, Sun Y, Wu Y, et al. High temperature strengthening via 

nanoscale precipitation in wrought CoCrNi-based medium-entropy 
alloys. Materials Science and Engineering: A, 2020, 798: 140213.

[11]	 Cao B X, Kong H J, Fan L, et al. Heterogenous columnar-grained
	 high-entropy alloys produce exceptional resistance to 

intermediate-temperature intergranular embrittlement. Scripta 
Materialia, 2021, 194: 113622.

[12]	 Yu P F, Zhang L J, Cheng H, et al. The high-entropy alloys with 
high hardness and soft magnetic property prepared by mechanical 
alloying and high-pressure. Intermetallics, 2016, 70: 82-87.

[13]	 Shang C, Axinte E, Sun J, et al. CoCrFeNi (W1-xMox) high-entropy
	 alloy coatings with excellent mechanical properties and 

corrosion resistance prepared by mechanical alloying and hot 
pressing sintering. Materials & Design, 2017, 117: 193-202.

[14]	 Han X N, Li Q F, Wang H D, et al. Damping capacity and 
mechanical properties of Fe3Cr2NiCuAlx medium entropy 
alloys by tuning phase constituents. Journal of Alloys and 
Compounds, 2022, 910: 164884. 

[15]	 Wang H, Zhang W, Gao P, et al. AlxCrFeNi medium entropy 
alloys with high damping capacity. Journal of Alloys and 
Compounds, 2021, 876: 159991.

[16]	 Chen Q, Zhang H, Zhou S, et al. A novel high-entropy alloy 
with excellent damping property toward a large strain amplitude 
environment. Journal of Alloys and Compounds, 2019, 802: 
493-501.

[17]	 Wang W, Chen Q, Liu R, et al. Synergistic damping effect 
mechanism of magneto-mechanical hysteresis and dislocations 
energy dissipation in FeMnCrCo high entropy alloys. Materials 
Science and Engineering: A, 2021, 818: 141412.

[18]	 Isil C, Radi A, Seyedmohammadi S V, et al. Effect of a 
	 multi-phase structure on the damping response of a novel high 

entropy. Materials Letters, 2022, 328: 133095.
[19]	 Park K T, Jin K G, Han S H, et al. Stacking fault energy and 

plastic deformation of fully austenitic high manganese steels: 
Effect of Al addition. Materials Science and Engineering: A, 
2010, 527(16-17): 3651-3661

[20]	 Qin G, Xue W, Fan C, et al. Effect of Co content on phase 
formation and mechanical properties of (AlCoCrFeNi)100-xCox 
high-entropy alloys. Materials Science and Engineering: A, 
2018, 710: 200-205.

[21]	 Chandan A K, Tr ipathy S, Sen B, et a l . Temperature 
dependent deformation behavior and stacking fault energy of 
Fe40Mn40Co10Cr10. Scripta Materialia, 2021, 199: 113891.

[22]	 Rizi M S, Minouei H, Lee B J, et al. Hierarchically activated 
deformation mechanisms to form ultra-fine grain microstructure 
in carbon containing FeMnCoCr twinning induced plasticity 
high entropy alloy. Materials Science and Engineering: A, 
2021, 824: 141803.

[23]	 Zhang Y H, Zhuang Y, Hu A, et al. The origin of negative 
stacking fault energies and nano-twin formation in face-centered

	 cubic high entropy alloys. Scripta Materialia, 2017, 130: 96-99.
[24] 	Patriarca L, Ojha A, Sehitoglu H, et al. Slip nucleation in single 

crystal FeNiCoCrMn high entropy alloy. Scripta Materialia, 
2016, 112: 54-57.

[25]	 Wei D, Li X, Jiang J, et al. Novel Co-rich high performance 
twinning-induced plasticity (TWIP) and transformation-induced 
plasticity (TRIP) high-entropy alloys. Scripta Materialia, 2019, 
165: 39-43.

[26]	 Duan L, Pan D, Wang H, et al. Investigation of the effect of 
alloying elements on damping capacity and magnetic domain 
structure of Fe-Cr-Al based vibration damping alloys. Journal 
of Alloys and Compounds, 2017, 695: 1547-1554.

[27]	 Cui Y, Li J, Li Y, et al. Damping capacity of pre-compressed 
magnesium alloys after annealing. Materials Science and 
Engineering: A, 2017, 708: 104-109. 

[28]	 Granato A V, Lücke K. Theory of mechanical damping due to 
dislocations. Journal of Applied Physics, 1956, 27(6): 583-593.

[29]	 Somekawa H, Watanabe H, Basha D A, et al. Effect of twin 
boundary segregation on damping properties in magnesium 
alloy. Scripta Materialia, 2017, 129: 35-38.

[30]	Watanabe H, Sasakura Y, Ikeo N, et al. Effect of deformation 
twins on damping capacity in extruded pure magnesium. 
Journal of Alloys and Compounds, 2015, 626: 60-64.

[31]	 He X, Li S, Ding X, et al. Internal friction in complex ferroelastic 
twin patterns. Acta Materialia‌, 2022, 228: 117787.

[32]	 Xu N, Yang Z, Mu X, et al. Effect of Al addition on the 
microstructures and deformation behaviors of non-equiatomic 
FeMnCoCr metastable high entropy alloys. Applied Physics 
Letters, 2021, 119(26). http://doi.org/10.1063/5.0069518.

[33]	 Hou J, Li D, Liu Z, et al. Structure-function integrated 
magnesium alloys and their composites. Journal of Magnesium 
and Alloys, 2023, 11(10): 3511-3544.


