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Abstract: A fine-grained metastable dual-phase Fe40Mn20Co20Cr15Si5 high entropy alloy (CS-HEA) with excellent 
strength and ductility was successfully prepared by friction stir processing (FSP). The microstructural and mechanical 
properties of the fine-grained CS-HEA were characterized. The results showed that as-cast shrinkage cavities and 
elemental segregation were eliminated. The average grain size was refined from 121.1 to 5.4 μm. The face-centered cubic 
phase fraction increased from 23% to 82%. During tensile deformation, dislocation slip dominated at strains ranging from 
5% to 17%, followed by transformation induced plasticity (TRIP) from 17% to 26%, and twin induced plasticity (TWIP) 
from 26% to 37%. The yield strength, ultimate tensile strength, and elongation of the fine-grained CS-HEA were 503 MPa, 
1120 MPa, and 37%, respectively. The strength−ductility synergy of fine-grained CS-HEA was attributed to the combined 
effects of TRIP, TWIP, dislocation strengthening, and fine-grained strengthening. 
Keywords: friction stir processing; metastable high entropy alloy; fine-grained microstructure; deformation behaviors; 
transformation-induced plasticity 
                                                                                                             

 
 
1 Introduction 
 

High entropy alloys (HEAs) are gaining 
attention due to their excellent strength [1], ductility 
[2], and fracture toughness [3]. These properties 
make them highly suitable for applications in the 
aerospace, railway, and petrochemical industries 
[4,5]. The Fe40Mn20Co20Cr15Si5 HEA (CS-HEA) has 
a metastable dual phase structure, comprising both 
face-centered cubic (FCC) and hexagonal close-
packed (HCP) phases [6]. This unique structure 
endows the alloy with transformation-induced 
plasticity (TRIP) and twin-induced plasticity (TWIP) 
effects, which contribute to its exceptional strength, 

ductility and work-hardening ability [7,8]. 
Consequently, CS-HEA is considered a promising 
candidate for applications, where both strength and 
ductility are crucial [9,10]. 

CS-HEA is susceptible to casting defects like 
elemental segregation, grain coarsening, and 
shrinkage due to its multi-element composition [11]. 
These casting defects significantly reduce strength 
and ductility of the material [12]. Therefore, post-
casting treatments are necessary to modify the 
microstructure of the as-cast alloy. Such treatments 
typically involve severe plastic deformation methods 
like rolling [12], high-pressure torsion [13], and 
equal-channel angular pressing [14]. However, these 
processes can produce a multitude of low-angle grain 
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boundaries (LAGBs) because of grain fragmentation 
[15]. The accumulation of LAGBs restricts 
dislocation movement, thereby reducing material 
ductility [16]. 

Friction stir processing (FSP) is an advanced 
solid-state plastic deformation technique that 
achieves microstructural refinement, homogenization, 
and densification [17]. This process leverages a 
unique thermo-mechanical coupling effect to 
promote dynamic recrystallization (DRX) [16]. 
DRX enhances material strength and ductility by 
producing fine grains and a high fraction of high-
angle grain boundaries (HAGBs). For instance, 
NENE et al [6] observed that FSP refined the grain 
size of cast CS-HEA. After FSP, the yield strength 
(YS), ultimate tensile strength (UTS), and elongation 
(EL) improved to 710 MPa, 990 MPa, and 22%, 
respectively. These mechanical properties represent 
increase of 65%, 44%, and 29% respectively over 
those of the base metal (BM). Thus, FSP effectively 
enhances both the strength and ductility of CS-HEA. 

Current research focuses on how FSP process 
parameters affect the microstructure and properties 
of CS-HEA [18,19]. During FSP, the heat input and 
shear force are determined by the process parameters. 
The stirring tool provides high heat input and shear 
force by increasing rotation and reducing processing 
speeds, thereby promoting grain fragmentation, 
recrystallization, and refinement. This grain 
refinement enhances both strength and ductility [15]. 
NENE et al [6] also ascribe the simultaneous 
improvement in strength and ductility of FSP-treated 
CS-HEA to the transformation of the FCC phase. 
Compared to BM, FSP-treated CS-HEA exhibits a 
finer grain and higher FCC phase fraction, which 
modifies the deformation mechanisms. Notably, 
similar results have been observed in TRIP and 
TWIP steels [20,21]. 

In fine-grained CS-HEA, the TRIP effect 
facilitates substantial FCC to HCP phase 
transformations, extending the work-hardening stage 
and thus increasing elongation (EL) [6]. SINHA   
et al [19] found that the TWIP effect induces a 
dynamic Hall−Petch effect and significant back 
stress, enhancing work-hardening ability and 
ultimate tensile strength (UTS). Additionally, FRANK 
et al [8] observed that non-basal slip in the HCP 
phase can sustain large strains and delay plastic 
instability. These mechanisms, i.e., TRIP, TWIP, and 
non-basal slip, together enhance strength and 

ductility. However, their activation time and 
durations vary, with some potentially remaining 
inactive [19]. Understanding the individual effects of 
each mechanism requires a detailed analysis of 
tensile deformation behavior. However, previous 
studies have only inferred deformation mechanisms 
from microstructural changes before and after tensile 
testing, the interactive effects of these mechanisms 
during tensile deformation remain unexplored. 
Understanding these deformation mechanisms could 
guide for overcoming the problem of material 
strength and ductility synergy. 

In this study, the fine-grained CS-HEA with 
excellent strength and ductility was successfully 
prepared by FSP and characterized its microstructure 
and room-temperature tensile deformation behavior. 
The microstructural evolution of the fine-grained 
CS-HEA during tensile deformation was 
investigated through interrupted tensile testing and 
quasi-in situ electron backscatter diffraction (EBSD) 
analysis. Furthermore, the tensile deformation 
mechanisms and their interactions were elucidated. 
 
2 Experimental  
 
2.1 Materials 

As-received cast Fe40Mn20Co20Cr15Si5 HEA 
plates prepared by electric arc furnace melting were 
selected as base metal (BM), and the chemical 
composition is shown in Table 1. The dimensions of 
CS-HEA plate are 130 mm × 60 mm × 4 mm (length × 
width × thickness). 
 
Table 1 Chemical composition of Fe40Mn20Co20Cr15Si5 
(at.%) 

Fe Mn Co Cr Si 
39.48 19.94 21.59 14.41 4.58 

 
2.2 Experimental methods 

During FSP, a commercial friction stir welding 
machine (FSW-LMAM16-2D) was utilized operating 
at 500 r/min, with a processing speed of 50 mm/min 
and an inclination of 2°. The stirring tool, made of a 
W−Re alloy, had a concave shoulder of 12 mm in 
diameter and a conical pin of 2.3 mm in length, 
which gradually increased in diameter from 4 to 
5 mm. Figure 1 shows a schematic diagram of the 
FSP. 

The microstructure specimens were cut from 
the vertical processing direction (TD) with 
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dimensions of 20 mm × 4 mm × 5 mm (length × 
width × thickness) (Fig. 1). The microstructure was 
analyzed using a scanning electron microscope 
(SEM) equipped with EDS and EBSD (Gemini SEM 
300). The EBSD specimens were mechanically 
polished with sandpaper, followed by electro-
polishing to eliminate residual stresses from the 
surface. This process was achieved by preparing an 
electrolytic polishing solution consisting of 10 vol.% 
perchloric acid and 90 vol.% ethanol and applying a 
working voltage of 20 kV. The experimental data 
from EBSD were analyzed using Channel 5 software. 
 

 
Fig. 1 Schematic diagram of FSP and dimension of tensile 
specimens: Normal direction (ND); Traverse direction 
(TD); Processing direction (PD); Advancing side (AS); 
Retreating side (RS) 
 

The initial strain rate of 1.0×10−3 s−1 was 
employed in the room temperature tensile test using 
an Instron 8801 testing machine. To ensure the 
accuracy of the data, three specimens were tested 
under identical parameters. The quasi-in situ EBSD 
analysis was applied to interrupting the tensile 
specimens. The interrupt tensile specimen 
dimensions, experimental equipment, and 
parameters were same as those used for the room 
temperature tensile test. During the interrupted 
tensile test, the specimen was subjected to 5% strain 
intervals. Strain levels of 0%, 5%, 10%, and 15% 
were applied during the tensile deformation. The 
dimensions and sampling position of the (interrupt) 
tensile specimen at room temperature are shown in 
Fig. 1. 

2.3 Theoretical calculation of dislocation density 
During tensile deformation, the material 

undergoes plastic deformation, resulting in the 
generation of a significant amount of geometrically 
necessary dislocations (GND) due to the lattice 
geometric constraints [20]. The GND density (ρGND) 
calculation formula is as follows [21]:  

GND
αθρ
μb

≈                                (1) 
 
where α is a constant with a value of 3 [22], μ 
represents the scanning step distance in EBSD,     
b denotes the magnitude of Burgers vector (0.255 nm) 
[22], and θ represents the average value of kernel 
average misorientation (KAM). The calculation is as 
follows:  

1

1exp ln KAM
i

iN
θ  
=  

 
∑                     (2) 

 
where N refers to the number of points within the 
testing area, while KAMi is the local value of KAM 
at point i. 
 
3 Results and discussion 
 
3.1 Microstructural characteristics of BM and 

FSP specimens 
Figure 2 shows the microstructure of the BM. 

Shrinkage cavities can be observed in Fig. 2(a). The 
segregation of Fe, Mn, and Si can be observed in 
Fig. 2(b). The FCC and HCP phase fractions were  
23% and 77%, respectively (Fig. 2(c)). The average 
grain size (GS) was 121.1 μm (Fig. 2(d)). The HCP 
phase was distributed in lamellar and blocky forms 
(Fig. 2(c)). Furthermore, the fractions of LAGBs 
(2°−15°) and HAGBs (>15°) were 25.3% and 74.7%, 
respectively (Fig. 2(e)). 

After FSP, the shrinkage cavities and elemental 
segregation were eliminated (Figs. 3(a, b)), and the 
FCC and HCP phase fractions were 82% and 18%, 
respectively (Fig. 3(c)). Typically, high strain during 
processes like FSP induces a phase transformation 
from FCC to HCP. However, the FCC phase fraction 
was increased from 23% to 82% after FSP. Similarly, 
in a previous study, the FCC phase fraction increased 
when the rotational speed of the stirring tool 
exceeded a critical value at the same processing 
speed [6]. This phenomenon is attributed to the 
competition between thermal and mechanical effects. 
The phase transformation from HCP to FCC is 
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Fig. 2 Microstructure of BM specimen: (a) SEM morphology; (b) EDS elemental mapping images of area in (a);       
(c) Distribution of FCC and HCP phases; (d) Inverse pole figure (IPF) map and average grain size (GS); (e) Grain 
boundary map showing LAGBs and HAGBs 
 

 
Fig. 3 Microstructure of FSP specimen: (a) SEM morphology; (b) EDS elemental mapping images of area in (a);       
(c) Distribution of FCC and HCP phases; (d) IPF map and average GS; (e) Grain boundary map showing LAGBs and 
HAGBs 
 
promoted by thermal effects [23], whereas the 
reverse phase transformation from FCC to HCP is 
promoted by the mechanical effects [24]. Therefore, 
the increased FCC phase was promoted by the high 
thermal input. 

FSP also refined the average grain size from 
121.1 to 5.4 μm (Fig. 3(d)). Interrupted HAGBs 
appeared in regions where numerous LAGBs 
accumulated, which is typical of continuous dynamic 

recrystallization (CDRX, indicated by the black 
arrows in Fig. 3(e)). Additionally, some HAGBs 
exhibited a tongue-like morphology, which is typical 
of discontinuous dynamic recrystallization (DDRX, 
indicated by the red arrows in Fig. 3(e)). Grain 
refinement in the FSP CS-HEA was typically 
achieved through grain fragmentation, DDRX, and 
CDRX. 

DDRX is commonly observed in materials 
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characterized by low stacking fault energy (SFE), 
while CDRX is predominantly observed in materials 
with high SFE [25]. However, in this study, CDRX 
occurred in the low-SFE CS-HEA. This was ascribed 
to the complex effects of temperature, strain, and 
dislocation movement [26]. In general, CDRX 
requires a low temperature and high strain rate [27]. 
The complex material flow during FSP generates 
localized regions characterized by low temperatures 
and high strain rates [28]. Additionally, dislocations 
in low-SFE CS-HEA tend to undergo planar slip or 
split into Shockley partial dislocations during 
deformation [29], which restricts cross-slip and leads 
to dislocation accumulation. 

The LAGB fraction decreased from 25.3% to 
16.4% after FSP (Fig. 3(e)). Often, severe plastic 
deformation techniques produce a large fraction of 
LAGBs. However, the LAGB fraction was lower 
after FSP. This is attributed to DRX, which promotes 
the aggregation of LAGBs and their transformation 
into HAGBs. 
 
3.2 Tensile deformation behavior 
3.2.1 Tensile properties 

Figure 4(a) shows the engineering stress−strain 
curves of the BM and FSP specimens. The YS, UTS, 

and EL of the BM specimen were 257 MPa, 691 MPa, 
and 31%, respectively, whereas those of the FSP 
specimen were 503 MPa, 1120 MPa, and 37%, 
respectively, corresponding to increase of 96%, 62%, 
and 19%, respectively. This indicates that the 
strength and ductility of the material are 
simultaneously improved by FSP. 

Figure 4(b) presents the work-hardening curves 
of the BM and FSP specimens. The FSP specimen 
exhibited a higher work-hardening ability than the 
BM specimen. The work-hardening curves were 
divided into three stages. In Stage I (5%−17% true 
strain for the FSP specimen), the work-hardening 
rate ( /σ ε∂ ∂  , where σ and ε are the true stress and 
strain, respectively) decreased rapidly. This decrease 
in work-hardening rate was attributed to dislocation 
slip in the initial stage of deformation, which reduced 
the work-hardening ability [30]. In Stage II (17%− 
26% true strain), the work-hardening rate stabilized. 
Finally, in Stage Ⅲ (26%−37% true strain), the 
work-hardening rate decreased. 

Figures 4(c, d) show the fracture morphologies 
of the BM and FSP specimens, respectively. The 
fracture surface of the BM specimen contained 
several cavities and tearing edges, demonstrating 
that the specimen failed by ductile-brittle mixed 

 

 
Fig. 4 Engineering stress−strain curves (a), strain hardening and true strain curves (b) of BM and FSP, and SEM images 
of fracture surfaces of BM (c) and FSP (d) specimens, respectively 
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fracture. For the FSP specimen, no cavities were 
observed, and fine dimples were distributed across 
the fracture surface, demonstrating that the specimen 
failed by ductile fracture. This indicates that the 
ductility of the as-cast CS-HEA is improved by  
FSP. 

To quantitatively evaluate the work-hardening 
ability of the FSP specimen, the Hollomon equation 
(σ=Kεn, where K is the strength coefficient, and n is 
the work-hardening index) [31] was used to fit the 
true stress−strain curve (Fig. 5). The fitting curves of 
the overall curve and Stages I−Ⅲ were highly 
consistent with the experimental curve. The R2 
values of all fitting curves were above 0.99 (Table 2), 
demonstrating that the fitting results were reliable. 
The fitting parameters are listed in Table 2. The n 
value varies depending on the deformation 
mechanism [32]. The n values of Stages I, Ⅱ, and Ⅲ 
were 0.31, 0.41, and 0.40, respectively, indicating 
that n increased and then stabilized as the tensile 
loading increased. The n value in Stage Ⅱ was 32% 
higher than that in Stage I, indicating that the work-
hardening ability improved. In Stage Ⅲ, the high n 
value (0.40) and long work-hardening stage delayed 

the necking of the specimen. Thus, the strength and 
ductility of the material were simultaneously 
enhanced by prolonging the work-hardening stage. 
According to Considère criterion, a high work-
hardening rate delays necking and improves  
ductility [33−35]. At the same time, a high ductility 
enhances the storage capacity of dislocations and 
increases the strength. 
3.2.2 Microstructural evolution of FSP specimen 

during tensile deformation 
To explore the deformation mechanism of the 

FSP specimen during tensile testing, the micro-
structural evolution was characterized by quasi-in 
situ EBSD. Figures 6 shows the microstructure of the 
FSP specimen at engineering strains of 0%, 5%, 10%, 
and 15%, respectively. At a strain of 0%, the FCC 
and HCP phase fractions were 89% and 11%, 
respectively (Fig. 6(a1)). Most of the HCP phase was 
distributed in a fine lamellar form, whereas some 
HCP phase was distributed in a block form (indicated 
by the white outline in Figs. 6(a1) and (b1)). This 
blocky HCP region comprised several fine lamellae. 
The fractions of the HAGBs and LAGBs were 52.2% 
and 47.8%, respectively (Fig. 6(c1)).  

 

 
Fig. 5 Experimental true stress−strain curves of FSP specimen and fitted curves using Hollomon equation: (a) Overall 
curve; (b) Stage I: 5%−17%; (c) Stage II: 17%−26%; (d) Stage Ⅲ: 26%−37% 
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Table 2 Simulated values of work-hardening index      
n, strengthening coefficient K, and coefficient of 
determination R2 from Hollomon equation for FSP 
specimen 

True strain/% K/MPa n R2 

5−37 (overall curve) 2430 0.36 0.994 

5−17 (Stage I) 2112 0.31 0.999 

17−26 (Stage II) 2563 0.41 0.999 

26−37 (Stage Ⅲ) 2608 0.40 0.998 

 
At a strain of 5%, the HCP phase fraction 

increased to 30% (Fig. 6(a2)). Fine lamellar HCP 
phase nucleated within FCC grains, accompanied by 
blocky HCP regions consisting of several fine 
lamellae (Fig. 6(a2)). The HCP phase formation was 
attributed to the generation of Shockley partial 
dislocations during deformation [28], leading to 
high-density dislocation accumulation that supplied 
the energy for the transformation to HCP. Notably, 
the HCP phase readily nucleated in coarse FCC 
grains but had difficulty in fine FCC grains 
(Figs. 6(a2) and (b2)). This was attributed to the high 
stability of the fine grains, which delayed the HCP 
phase transformation [28]. Figure 6(c2) shows that 
there is a large fraction of LAGBs, indicating that 
dislocation slip occurred in this stage. 

At a strain of 10%, the HCP phase fraction 
increased to 52% (Fig. 6(a3)). Large amounts of HCP 

phase showed a block morphology. The orientation 
of these blocky regions was interrupted by the 
formation of twins (Fig. 6(b3)). In addition, the 
LAGB fraction increased owing to intensive 
dislocation movement (Fig. 6(c3)). 

At a strain of 15%, the HCP phase fraction 
increased to 57% (Fig. 6(a4)), indicating that the 
TRIP effect was weakened. The grains were 
elongated along the tensile direction, and numerous 
twins formed in the HCP phase (Fig. 6(b4)). The 
LAGB fraction decreased slightly because the 
dislocation energy was consumed by twin formation 
(Fig. 6(c4)). Based on the microstructural evolution, 
dislocation slip, TRIP-based phase transformation, 
and twinning occur sequentially during tensile 
deformation. 

Figure 7 shows the HCP phase growth 
morphology and the orientation relationship between 
the FCC and HCP phases during tensile deformation. 
Two nucleation morphologies were observed. First, 
new HCP lamellae nucleated within FCC grains 
(solid circles in Figs. 7(a2, b2)). Second, fine laths  
of HCP nucleated at the FCC grain boundaries 
(dashed circles in Figs. 7(a2, b2)). These nucleation 
forms  are similar to Types IV and II nucleation in 
the metastable dual-phase Fe42Co10Cr15Mn28Si5  
HEA [36]. Type IV nucleation is characterized    
by nucleation inside the FCC phase grains, with the  

 

 
Fig. 6 Microstructural evolution of FSP specimen during quasi-in situ tensile test: (a1−a4) Phase distribution; (b1−b4) IPF; 
(c1−c4) Grain boundary map  
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Fig. 7 HCP phase growth morphology and FCC/HCP orientation relationship (FSP specimen under tension): (a1, a2) IPF 
map; (b1, b2) Phase map; (c) Schematic of HCP growth; (d, e) Pole map of FCC/HCP phases (at 5% strain); (f) Misorientation 
of initial HCP along A−B (inset: new HCP along A′–B′) 
 
nucleation sites provided by the interaction between 
stacking faults and dislocations (Fig. 7(c)). Type II 
nucleation is characterized by nucleation at the grain 
boundaries of the FCC phase, with the nucleation 
sites provided by the interaction between stacking 
faults and grain boundaries (Fig. 7(c)). In low-SFE 
CS-HEA, stacking faults easily interact with 
dislocations, resulting in Type IV nucleation [36]. 
However, Type II nucleation also occurs owing to 
grain refinement, which promotes the interaction 
between grain boundaries and stacking faults. 
Furthermore, the phase transformation from original 
FCC to HCP followed the S−N orientation 
relationship: {111}FCC//{0001}HCP, FCC{101} //  
{112�0}HCP (Figs. 7(d) and (e)). 

Figure 7(f) depicts the misorientation degrees 
of both the initial and newly formed HCP phases. 
The initial HCP phase exhibited misorientation 
degrees of 1°−6°, suggesting the absence of twins 
[37]. In contrast, the newly formed HCP phase 
displayed a misorientation degree of 86° (inset of 
Fig. 7(f)), indicative of the formation of {11 2� 0} 
tensile twins. The formation of these twins enhances 
both strength and ductility by hindering dislocation 
movement and reducing the average free path [21]. 

Figure 8 shows the KAM maps of the FCC and 

HCP phases at strains of 0%, 5%, and 10%, 
respectively. The KAM value is an indication of the 
severity of plastic deformation, with higher values 
reflecting severer deformation. With the strain 
increase from 0% to 5%, the KAM values increase 
along the phase boundary, indicating that 
dislocations accumulate along the phase boundary. 
At strain of 5%, Fig. 8(b2) reveals that several fine 
HCP lamellae show high KAM values, coinciding 
with a substantial transformation of FCC to HCP 
phase as shown in Fig. 6(a2). Thus, the primary 
deformation mechanisms at this stage were 
dislocation slip and TRIP-based phase 
transformation. At strain of 10%, KAM values 
increased for both FCC and HCP phases (Figs. 8(a3) 
and (b3)), with particularly high values in the HCP 
phase (Fig. 8(b3)). In certain regions, twin formation 
disrupted the KAM distribution of the HCP phase 
(Fig. 8(b3)). These observations suggest that the 
main deformation mechanisms at this stage are 
TRIP-based phase transformation and twinning. 
Data from the KAM map at 15% strain were deemed 
unreliable. 

Figure 9(a) illustrates the variation in the FCC 
phase fraction and twin boundary fractions during 
tensile deformation. Between strains 10% and 15%, 
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the FCC phase fraction decreased at a slower rate, 
indicating that the TRIP effect weakened. 
Concurrently, the fractions of tensile and 
compressive twin boundaries increased rapidly, 
indicating a strengthened TWIP effect. Figure 9(b) 
shows the GND densities in the FCC and HCP 
phases at different strains. The GND densities of the 
FCC and HCP phases both increased between 0 and 
5% strain but decreased between strains 5% and 10%. 
This phenomenon was attributed to dislocation 
energy consumed by TRIP and TWIP effects. Overall, 
these results demonstrate that dislocation slip, TRIP, 
and TWIP deformation mechanisms occurred 
successively with increasing strain. The strength and 
ductility were simultaneously improved by these 
deformation mechanisms. 
3.2.3 Deformation mechanisms of FSP specimen 

The enhancement in strength and ductility 
following FSP was attributed to the combined effects 
of dislocation slip, TRIP, and TWIP deformation 
mechanisms, which extended the work-hardening 
stage (Fig. 10). Table 3 lists the true stress increment 

(Δσ) and true strain increment (Δε) for FSP and BM 
specimens over each hardening stage. At each stage, 
the Δσ of the FSP specimen exceeded that of the BM 
specimen. During Stage Ⅰ, Δσ of the FSP specimen 
was 228 MPa higher than that of the BM specimen, 
indicating a significant enhancement in strength. As 
shown in Fig. 10, deformation mechanisms of the 
FSP specimen during this stage were dislocation slip 
and TRIP-based phase transformation. Dislocation 
entanglement and cells formation easily occur via 
planar slip in low-SFE CS-HEA [26]. Stacking faults 
easily interact with the dislocations and consume the 
dislocation energy [38,39]. Additionally, a minor 
portion of the HCP phase, with limited slip systems, 
underwent transformation via the TRIP effect 
(Fig. 6(a2)). The movement of dislocations was 
therefore hindered by dislocation entanglement, 
dislocation cells, stacking faults, and HCP phases, 
resulting in enhanced strength [37,39]. Ultimately, 
the specimen displayed back-stress strengthening 
due to its heterogeneous microstructure of FCC and 
HCP phases [40]. 

 

 
Fig. 8 KAM maps of FSP specimens: (a1–a3) FCC phase; (b1–b3) HCP phase  
 

 
Fig. 9 Variation in fractions of twin boundaries and FCC phase (a), and GND density (b) during tensile testing  
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Fig. 10 Deformation mechanism and microstructural evolution with increasing strain 
 
Table 3 Variation in true strain (Δσ) and true stress (Δε) 
for BM and FSP specimens during work-hardening  

Specimen True strain/% Δσ/MPa Δε/% 

BM 

2−10 (Stage I) 326 8 

10−24 (Stage II) 299 14 

24−31 (Stage Ⅲ) 85 7 

FSP 

5−17 (Stage I) 554 12 

17−26 (Stage II) 394 9 

26−37 (Stage Ⅲ) 141 11 

 
The Δε of the FSP specimen was higher than 

that of the BM specimen during Stages I and Ⅲ 
(Table 3), indicating an improvement in ductility. In 
Stage I, the main deformation mechanisms of the 
FSP specimen were dislocation slip and TRIP-based 
phase transformation. The dislocation slip was 
enhanced by the substantial FCC phase, which has 
multiple slip systems [8]. Furthermore, the TRIP-
based transformation from FCC to HCP was a 
displacive process driven by atomic shearing,  
which can enhance the strain capacity of a workpiece 
[41,42]. In Stage Ⅲ, the primary deformation 
mechanism was twinning (Fig. 10). The TWIP effect 
not only sustained the strain but also transformed the 
crystal orientation to one favorable dislocation   
slip [43,44]. The dynamic Hall−Petch effect, 
activated by the TWIP effect during tensile 
deformation, led to grain refinement and improved 
ductility. Additionally, non-basal slip was promoted 
by the increased HCP phase fraction, further 
improving the ductility [45]. 

The TRIP effect, activated in Stage II of the 
tensile deformation, also played a crucial role in 

extending the work-hardening stage. In the fine-
grained CS-HEA, high critical stress for TRIP 
delayed its activation, extending the dislocation slip 
stage (Figs. 6(a2) and (b2)). After FSP, the specimen 
contained a large fraction of FCC phase, which 
extended the TRIP effect and promoted the 
activation of the TWIP effect. Strength and ductility 
improved together due to the grain refinement and 
increased FCC phase fraction. Figure 11 shows the 
relationship between the FCC phase fraction and 
strength ductility index SDI of the FSP CS-HEA 
specimen and other alloys [46]. The SDI quantifies 
the strength−ductility synergy during uniform tensile 
deformation. The SDI of the FSP CS-HEA in this 
study was higher than that of other advanced dual-
phase HEAs (DP-HEAs) and other CS-HEAs 
prepared with different process parameters. Notably, 
the FSP CS-HEA, with a grain size of 5.4 μm and 
 

 

Fig. 11 Relationship between strength ductility index 
(SDI=(UTS−YS)×plastic strain) and face-centered cubic 
(FCC) phase fraction before tensile test 
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82% FCC phase, had a higher SDI than the 
nanocrystalline CS-HEA (0.5−0.6 μm), indicating 
that increasing the FCC phase fraction is more 
critical for strength−ductility synergy than refining 
grain size. 
 
4 Conclusions 
 

(1) After FSP, the shrinkage cavities of the as-
cast CS-HEA were eliminated, and the elemental 
distribution was homogenized. CDRX and DDRX 
occurred during FSP, which refined the grain size 
from 121.1 to 5.4 μm. Furthermore, the FCC phase 
fraction increased from 23% to 82% due to the 
thermo-mechanical coupling effect. 

(2) The strength and ductility of the FSP CS-
HEA were simultaneously improved by grain 
refinement and phase transformation, which 
facilitated the TRIP and TWIP effects and extended 
the work-hardening stage. The YS, UTS, and EL of 
the FSP specimen were 503 MPa, 1120 MPa, and 
37%, respectively, which were 96%, 62%, and 19% 
higher, respectively, than those of the BM. 

(3) During tensile deformation, two HCP 
nucleation forms were observed: lamellar HCP 
nucleated inside the FCC grains, whereas fine laths 
of HCP nucleated at the FCC grain boundaries. The 
phase transformation from FCC to HCP followed the 
S−N orientation relationship: {111}FCC//{0001}HCP, 
{101�}FCC//{112�0}HCP. 
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搅拌摩擦加工制备细晶 Fe40Mn20Co20Cr15Si5高熵合金的 
显微组织演变和拉伸变形行为 
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摘  要：采用搅拌摩擦加工(FSP)技术成功制备了具有优异强度和塑性的细晶亚稳双相 Fe40Mn20Co20Cr15Si5 高熵合

金(CS-HEA)。对细晶 CS-HEA 的显微组织和力学性能进行了表征。结果表明，FSP 后，铸态缩孔和元素偏析缺陷

被消除，平均晶粒尺寸由 121.1 μm 细化至 5.4 μm，面心立方相分数从 23%增加到 82%。拉伸变形过程中，位错

滑移主要发生在 5%~17%应变阶段，相变诱发塑性(TRIP)发生在 17%~26%应变阶段，孪生诱发塑性(TWIP)发生在

26%~ 37%应变阶段。细晶 CS-HEA 的屈服强度、极限抗拉强度和伸长率分别为 503 MPa、1120 MPa 和 37%。该

合金强塑性协同效应归因于 TRIP、TWIP、位错强化和细晶强化。 

关键词：搅拌摩擦加工；亚稳态高熵合金；细晶显微组织；变形行为；相变诱发塑性 
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