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Abstract: Heterogeneous microstructure with nano-precipitate and bimodal grain size distribution was obtained in a 
FeCoCrNiMn high-entropy alloy (HEA) doped with 0.5 at.% C by a controlled thermo-mechanical treatment. The 
coarse M23C6 carbides tend to aggregate along the fine grain boundaries. Compared to the sample with homogenous 
microstructure, the heterostructure FeCoCrNiMn−0.5at.%C HEA has approximately the same average grain size of 
4.8 μm. However, it shows bimodal grain size distribution and higher volume fraction of the fine grains (<3 μm), 
resulting in the increase of yield strength from 552 to 632 MPa. The sample with heterostructure presents different 
mechanical responses and deformed microstructures in different regions, accounting for significant strain localization 
and high density of the geometrically necessary dislocations during tensile deformation. These deformation 
characteristics are beneficial to the enhancement of strain hardening capacity, thereby promoting strength−ductility 
synergy. 
Key words: high-entropy alloy; heterogeneous microstructure; bimodal grain; mechanical properties; strengthening 
mechanism 
                                                                                                             

 
 
1 Introduction 
 

High-entropy alloys (HEAs) have recently 
acquired much attention due to their promising 
properties and novel alloy design strategy [1−5]. 
Among all the HEAs classes, the most studied cases 
are constructed from five 3d-transition elements  
(Fe, Co, Cr, Ni, Mn) and have face-centered cubic 
(FCC) structure [4,6,7]. One representative HEA 
with FCC structure is the equimolar FeCoCrNiMn 
alloy, which has high ductility and extremely high 
toughness at room temperature and even extreme 
cryogenic temperatures (77 K), but has rather   
low yield strength at room temperature [6,8,9]. 
Generally, the HEAs with single FCC structure 

have a good ductility but a low yield strength due to 
simple strengthening mechanism, which restricts 
their demands for engineering applications [4]. In 
view of the dilemma in strength and ductility, a 
scientific and technological challenge is to increase 
the strength of FCC structured HEAs without 
significantly sacrificing the ductility. 

Encouragingly, a novel strategy aimed at 
producing heterogeneous microstructure with a 
bimodal grain size distribution has been developed 
to overcome the strength−ductility trade off [10−15]. 
The bimodal grains contain a mixture of coarse 
grains and ultrafine grains. The coarse grains 
contribute to the strain hardening and ensure   
large retained ductility, while the ultrafine grains 
are responsible for the increase of the strength [16].  
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Moreover, the bimodal grains endow the alloy with 
extra work hardening capacity, which is attributed 
to the storage of geometrically necessary 
dislocations from a large plastic gradient during 
deformation [17]. However, it has only a few 
successful examples in obtaining heterogeneous 
grain size distribution in bulk materials, such as  
via severe plastic deformation at cryogenic 
temperature [10], asymmetric rolling followed   
by secondary recrystallization [13], or powder 
metallurgy route [14,15]. For example, the powder 
metallurgy route to prepare bimodal grains has a 
complex two-step process: the first step is creating 
an ultrafine-grained shell by applying severe plastic 
deformation to micro-sized powders via mechanical 
milling or high-energy ball milling, and the second 
step is consolidating powders by spark plasma 
sintering or hot roll sintering [14,15]. 

Generally, the nanoprecipitates are believed to 
restrict the grain growth during recrystallization, 
leading to the formation of an ultrafine-grained 
structure [18]. Hence, the introduction of nano- 
precipitates has potential to prepare bimodal grains 
in bulk materials. Furthermore, the achievement of 
high strength requires multiple strengthening 
mechanisms, such as the grain refinement, the 
precipitation hardening and the interstitial-solid 
solution strengthening [19−21]. As a result, the 
alloy compositions and thermo-mechanical 
treatment should be carefully considered to obtain 
proper heterogeneous microstructure and thus 
achieve excellent mechanical properties. The 
addition of interstitial elements, i.e., carbon [20,22] 
and nitrogen [23,24], is one of the most effective 
ways to increase the strength of HEAs based on 3d 
transition elements. For example, the high strength 
of carbon-doped HEAs benefits from both interstitial- 
solid solution strengthening and precipitation 
hardening due to the dissolved carbon atoms    
and the formation of carbides during annealing 
process [20,22,25]. According to the previous 
investigations, the M23C6 carbides can effectively 
inhibit the FCC grain growth in the carbon-doped 
HEAs [20]. 

In the present study, the equimolar 
FeCoCrNiMn HEA doped with 0.5 at.% C was 
selected as the target material. Conventional cold 
rolling and annealing treatment were used to 
prepare the heterogeneous microstructure with 
precipitates and bimodal grain size distribution. The 

alloy was firstly cold-rolled and subsequently 
annealed at 650 °C to form heterogeneous micro- 
structure involving nonuniformly distributed 
carbides and non-fully recrystallized structure. Then, 
the sample was annealed at 750 °C to obtain a fully 
recrystallized structure but with heterogeneous 
distribution of grain size and precipitates. The 
detailed microstructural characterization and 
two-dimensional hardness map research were 
conducted to investigate the heterogeneous 
microstructure and the local mechanical properties. 
The microstructural evolution was systematically 
analyzed to understand the deformation mechanisms.  
 
2 Experimental 
 

The equimolar FeCoCrNiMn HEA with  
0.5 at.% C was prepared from pure metals and 
graphite powder by arc-melting method under Ar 
atmosphere. Pure titanium was melted before 
melting to absorb residual oxygen in the furnace. 
For the purpose of compositional homogeneity, the 
graphite powder was placed in the middle layer of 
the raw materials, and moreover, the ingots were 
remelted at least four times and flipped over after 
each melting. The content of the carbon in the alloy 
was measured to be 0.47 at.% using Leco analyzer. 
The alloy was hot-rolled at 900 °C to 50% reduction 
in thickness after homogenization treatment at 
1100 °C for 12 h, and was subsequently annealed  
at 1200 °C for 1 h followed by water-quenching. 
Then, the homogenized alloy was cold-rolled to  
70% reduction in thickness. Three heat treatment 
processes were used to obtain different micro- 
structures in the alloy with partial recrystallization, 
bimodal grain and homogeneous microstructures, 
defined as PR, BG and HM, respectively. The PR 
sample was annealed at 650 °C for 2 h followed by 
water-quenching. The BG sample was annealed at 
650 °C for 2 h and then annealed at 750 °C for  
0.5 h followed by water-quenching. The HM 
sample was annealed at 800 °C for 1 h followed by 
water-quenching. 

XRD measurement was performed on the three 
samples using a Dmax 2500VB X-ray equipment 
with Cu Kα radiation. The grain size distribution 
was characterized by the electron backscatter 
diffraction (EBSD) method, which was conducted 
on a scanning electron microscope (SEM, FEI 
Helios NanoLab G3 UC) equipped with TSL OIM 
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TSL software. Further microstructural characterization, 
such as the high-resolution TEM (HRTEM) and 
high-angle annular dark-field (HAADF) techniques, 
were conducted on an FEI Titan G2 60−300 TEM 
with a spherical aberration corrector operating at 
300 kV. The detail sample preparation processes for 
EBSD and TEM observation were shown in our 
previous investigation [17]. 

Dog-bone-shaped specimens with a gauge 
length of 24 mm were cut from the alloy sheets for 
tensile tests. Uniaxial tensile tests were performed 
on an Instron 3369 testing machine with a strain 
rate of 1.4×10−3 s−1 at room temperature. Prior to 
tensile tests, the surfaces of the tensile samples 
were ground from 400 to 2000 grit using SiC paper. 
 
3 Results 
 
3.1 TEM results of cold-rolled and partial 

recrystallized samples 
Figure 1 shows the TEM images of the cold- 

rolled alloy. The bright field (BF) image and 
corresponding selected area electron diffraction 
(SAED) pattern in Fig. 1(a) demonstrate the 

presence of nanotwins in this alloy after cold rolling. 
Figure 1(b) displays the dark field (DF) image of 
the red rectangle region in Fig. 1(a). And the 
average thickness of the nanotwins was measured to 
be 3.2 nm. The dislocation cells were also observed 
in the alloy, as shown in Fig. 1(c). Meanwhile, 
some microbands were observed, as shown in 
Fig. 1(d), which were identified by the SAED insert 
in Fig. 1(d). The stacking fault energy (SFE) of the 
FeCoCrNiMn HEA increases by the addition of 
carbon, which restricts the formation of nanotwins 
and in turn favors the formation of dislocation  
cells and microbands [26]. Therefore, all these 
microstructural features can be observed in the 
cold-rolled alloy. It should also be noted that 
carbides or other precipitates were not found in the 
cold-rolled sample. 

Figure 2 displays the TEM image of partial 
recrystallized (PR) sample. The BF image in 
Fig. 2(a) shows the non-fully recrystallized and 
recrystallized regions, indicating the formation of 
PR microstructure. According to the high-resolution 
TEM (HRTEM) image and corresponding fast 
Fourier transformation (FFT) pattern in Figs. 2(b) 

 

 
Fig. 1 TEM images of cold-rolled sample: (a, b) Nanotwins; (c) Dislocation cells; (d) Microbands 
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Fig. 2 TEM images of partial recrystallization sample: (a) TEM image showing non-fully recrystallized structure;    
(b, c) HRTEM and FFT images of grain boundary precipitate, respectively; (d) BF TEM image of incompletely 
recrystallized region; (e, e1, e2) HRTEM and corresponding FFT images of incompletely recrystallized area, 
respectively; (f) HRTEM image of precipitate in incompletely recrystallized area; (g, g1, g2) Enlarged image in (f) and 
corresponding FFT images, respectively; (h) HAADF image and corresponding elemental distribution maps 
 
and (c), a M23C6 carbide locates along a grain 
boundary. Figure 2(d) shows the BF image of 
non-fully recrystallized region and Fig. 2(e)  
shows the HRTEM image within the non-fully 
recrystallized region. The corresponding FFT pattern 
(Fig. 2(e1)) of the yellow rectangle region in 
Fig. 2(e) shows satellite reflections around the FCC 
lattice spots, as denoted by yellow arrow, indicating 
the presence of elemental clusters [27]. A nano 
M23C6 carbide with the size of 5 nm can be 
observed in this elemental cluster region, illustrated 
by the corresponding FFT pattern (Fig. 2(e2)) of the 
red rectangle region in Fig. 2(e). The HRTEM in 
Fig. 2(f) shows another larger M23C6 carbide with 
the size of about 25 nm. Based on the magnified 
image in Fig. 2(g) and corresponding FFT patterns 
in Figs. 2(g1) and (g2), it can be deduced that the 
M23C6 carbide and the matrix present a fully 
coherent interface. Figure 2(h) shows the HAADF 

scanning TEM (STEM) image of the yellow 
rectangle in Fig. 2(d), which demonstrates the 
obvious contrast difference in this region. The 
corresponding elemental mapping clearly illustrates 
the existence of the elemental clusters. 
 
3.2 Characteristics of heterogeneous structure 

Figure 3 shows the back-scattered electron 
(BSE) images of the PR, HM and BG samples. 
Figure 3(a) clearly shows the formation of PR 
structure, and the fraction of non-fully recrystallized 
regions is measured to be 51.3%. Figure 3(b) 
demonstrates that the HM sample forms a fully 
recrystallized structure. The BG sample also has 
fully recrystallized structure, but the grain size 
presents a heterogeneous distribution, as shown in 
Fig. 3(c). Some fine grains prefer to cluster together, 
indicating the formation of bimodal grain-sized 
structure. A magnified BSE image shown in 
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Fig. 3(d) demonstrates that the coarse M23C6 
carbides tend to precipitate along the boundaries of 
the fine grains. Figure 4 displays XRD patterns of 
the PR, BG and HM samples, indicating the present 
HEAs with FCC structured matrix. The enlarged 
image in the 2θ range of 41°−46° is shown in 
Fig. 4(b). The weak diffraction peak corresponding 
to the (511) planes of M23C6 carbide is detected in 
HM sample, but absent in the BG and PR samples. 
The weakness and absence of M23C6 carbide peaks 
in the XRD pattern are owing to the low volume 
fraction of M23C6 carbide, which is identified by  
LI [28]. 

The grain size distribution of the BG and HM 
samples was further analyzed by EBSD technique 

and the results are shown in Fig. 5. Figures 5(a) and 
(d) illustrate the inverse pole figure (IPF) maps of 
the BG and HM samples, respectively. Figures 5(b) 
and (e) show the distribution of the fine grains with 
sizes ranging from 0.2 to 3 μm in the BG and   
HM samples, respectively. These fine grains were 
denoted by red color. Small regions in the middle of 
both figures are magnified and shown on the insets 
for clearer observations. As can be seen, the fine 
grains in BG sample tend to locally aggregate with 
each other and form clusters (pointed by the yellow 
arrows). Instead, the fine grains in HM sample are 
isolated with each other. In conclusion, the grains 
present more heterogeneous distribution in BG 
sample than in HM sample. The fractions of these  

 

 
Fig. 3 Backscattered electron images of PR (a), HM (b) and BG (c, d) samples 
 

 
Fig. 4 XRD patterns of PR, BG and HM samples (a), and enlarged patterns in 2θ range from 41° to 46° (b) 
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Fig. 5 EBSD IPF maps (a, d), distribution of fine grains (in red) with size ranging from 0.2 to 3 μm (b, e) and statistical 
distribution of grain size of alloys with two thermomechanical treatments (c, f): (a, b, c) BG sample; (d, e, f) HM 
sample 
 
fine grains in the BG and HM samples were 
calculated to be 37.1% and 30.7%, respectively. 
The statistical distribution of the grain size for both 
the BG and HM samples is shown in Figs. 5(c) and 
(f), respectively. The BG sample shows a bimodal 
grain size distribution, and the average grain sizes 
of the BG and HM samples were measured to be 
4.8 and 4.9 μm, respectively. 

The size of the M23C6 particle was statistically 
measured through the HAADF-STEM image. The 
HAADF-STEM images of the BG and HM samples 
are shown in Figs. 6(a) and (c), respectively. Some 
M23C6 carbides were precipitated in both the BG 
and HM samples. Figures 6(b) and (d) display   
the particle size distribution of the BG and HM 
samples, and the average sizes were measured    
to be 56.1 and 65.6 nm, respectively. The volume 
fractions of M23C6 carbides were calculated as 3.6% 
and 4.3%, respectively. It should be noted that   
the annealing temperature for the HM sample is 
higher than that for the BG sample. Since the 
diffusion rate of elements increases with the 
increase of the temperature, the high annealing 
temperature is beneficial to the formation and 
coarsening of the precipitates. Hence, the M23C6 
carbides in the HM sample have a larger size and  
a higher volume fraction than those in the BG 
sample. 

3.3 Mechanical properties 
Figures 7(a) and (b) show the two-dimensional 

hardness maps of the BG and HM samples using a 
load of 200 g for 15 s, respectively. The maps 
present heterogeneous distribution in hardness, 
especially for the BG samples (Fig. 7(a)). The BG 
sample has the maximum hardness of HV 307.9 and 
the minimum hardness of HV 229.2, while the HM 
sample has the maximum hardness HV 284.6 and 
the minimum hardness HV 228.6. The standard 
deviations of the hardness in the BG and HM 
samples were calculated as HV 18.5 and HV 11.7, 
respectively. These statistical data further demonstrate 
the heterogeneous mechanical properties of the BG 
sample. The heterogeneous microstructure involves 
M23C6 carbides and bimodal grains in the BG 
sample, resulting in the variation of the local 
microstructures, which in turn affects the local 
mechanical properties. 

The typical engineering stress−strain curves 
for the BG and HM samples are shown in Fig. 8(a). 
Compared to the HM sample, the yield strength  
(YS) of the BG sample increases by 14.5% from 
552 to 632 MPa, and the ultimate tensile strength 
(UTS) increases by 7.6% from 830 to 893 MPa 
with a slight decrease in the ductility from 40% to 
36%. Figure 8(b) displays true stress−strain curves 
for the BG and HM samples. The strain hardening 
rates derived from the true stress−strain curves are  
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Fig. 6 HAADF-STEM images of BG (a) and HM (c) samples, and M23C6 particle size distribution of BG (b) and HM (d) 
samples 
 

 

Fig. 7 Two-dimensional hardness maps of BG (a) and HM (b) samples 
 

 
Fig. 8 Tensile properties of FeCoCrNiMn−0.5at.%C HEA after different thermomechanical treatments: (a) Typical 
engineering stress−strain curves; (b) True stress−strain curves; (c) Strain hardening rate curves 
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shown in Fig. 8(c). The BG sample has a higher 
strain hardening rate at the early stage of the tensile 
deformation with a true strain below 12.5%. 
 
3.4 Deformed microstructures 

The deformed microstructures at an engineering 
strain of 5% for the BG and HM samples were 
analyzed by EBSD technique, including kernel 
average misorientation (KAM), grains boundary 
and geometrically necessary dislocations (GNDs) 
maps, and the results are shown in Fig. 9. 
Figures 9(a) and (e) show the IPF maps of the BG 
and HM samples, respectively. Figures 9(b) and (f) 
show the KAM maps of the BG and HM samples, 

respectively, and the statistical distributions are 
shown in Figs. 9(b1) and (f1), respectively. The 
average values of the KAM for the BG and HM 
samples were calculated to be 1.08° and 0.79°, 
respectively. The grain boundary maps of the BG 
and HM samples are shown in Figs. 9(c) and (g), 
respectively. The low angle boundaries (LABs, 
2°<θ<15°) are denoted as red lines, while the high 
angle boundaries (HABs, θ>15°) are denoted as 
blue lines. More LABs can be observed in the 
coarse grains, as shown in Fig. 9(c). The fractions 
of the LABs for the BG and HM samples were 
calculated to be 42.6% and 23.6%, respectively. 
The GNDs maps and statistical distributions for the 

 

 
Fig. 9 Deformed microstructure at engineering strain of 5% analyzed by EBSD technique, including IPF (a, e), KAM  
(b, f, b1, f1), grain boundary misorientation (c, g) and geometrically necessary dislocation maps (d, d1, h, h1) for BG (a, b, 
b1, c, d, d1) and HM (e, f, f1, g, h, h1) samples 
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BG and HM samples are shown in Figs. 9(d, d1)  
and Figs. 9(h, h1), respectively. The BG sample has 
a higher average value (1.07×1014 m−2) of GNDs 
than the HM sample (0.75×1014 m−2). The grain 
boundaries tend to have a higher density of GNDs 
than grains interior. 

Interestingly, a coarse grain in the BG sample 
presents a larger density of GNDs as shown in 
Fig. 9(d), whose deformed microstructure was 
further analyzed by combined EBSD and electron 
backscatter channel contrast image (ECCI) 
techniques, and the results are shown in Fig. 10. 
Figure 10(a) shows the IPF map of the coarse grain 
regions in the BG sample. Some bands that present 
slight difference in orientations with the matrix are 
observed inside the coarse grain. Misorientations 
along the blue and red arrows in Fig. 10(a) are 
displayed in Fig. 10(b). The misorientation in the 
coarse grain (red line) is obviously larger than that 
in the fine grain (blue line). The interfaces between 
bands and the matrix inside the coarse grain have 
large misorientations ranging from 6.8° to 14.6°, 
while the misorientation along the blue line in the 
fine grain changes only from 0.1° to 1.7°. In 
Fig. 10(c), more dislocations and microbands can 
be observed inside the coarse grain while only a 
few dislocations can be distinguished in the fine 
grains, indicating that the coarse grains withstand a 
larger strain than the fine grains at the initial 
deformation stage. Based on these results shown in 
Figs. 9 and 10, the heterogeneous deformation and 
strain localization happened in the BG sample. 

The microstructures for the BG and HM 
samples deformed to fracture were characterized by 
TEM, and the results are shown in Figs. 11 and 12, 
respectively. The dislocation tangles, dislocation 
cells and pile-ups around the M23C6 carbides were 
observed in the BG samples, as shown in the TEM 
image in Fig. 11(a). Figure 11(b) shows another 

TEM image, and a magnified image of the yellow 
rectangle region in Fig. 11(b) is shown in Fig. 11(c). 
The corresponding SAED pattern in Fig. 11(c1) 
illustrates that a few nanotwins were formed in the 
BG sample. The TEM image in Fig. 11(d) 
demonstrates the deformed microstructures around 
the M23C6 carbides. Figure 11(e) shows the 
magnified image of the white rectangle region in 
Fig. 11(d). A few nanotwins were also observed and 
identified by the corresponding SAED pattern in 
Fig. 11(e1). Moreover, the SAED pattern shows that 
the FCC main diffraction spots present a slight 
rotation, indicating the severe deformation in   
this region. The M23C6 carbides impede the slip   
of dislocations, which produces large stress 
concentration during deformation, and therefore 
results in the formation of large orientation gradient 
around the M23C6 carbides [29]. Hence, the 
heterogeneous deformation was observed in the  
BG sample. The TEM images in Figs. 12(a, b) 
demonstrate that the dislocations pile up around the 
M23C6 carbide in the HM sample. The TEM images 
in Figs. 12(c, d) and corresponding SAED pattern 
in Fig. 12(d1) also demonstrate the formation of 
nanotwins in the HM sample after deformation to 
fracture. The HM sample seems to have more 
nanotwins than the BG sample. 
 
4 Discussion 
 
4.1 Formation of heterogeneous microstructure 

As mentioned above, a heterostructure 
composed of nano-sized M23C6 carbides and 
bimodal grains was successfully fabricated in the 
BG sample by proper thermo-mechanical treatment. 
The constituent elements diffuse via grain boundary 
and short-range lattice diffusion, which controls the 
growth and coarsening of M23C6 carbides [30−32]. 
Grain boundary and dislocations are crystal defects, 

 

 
Fig. 10 EBSD IPF map of coarse grain regions in BG sample (a), misorientation (b) along blue and red vectors in (a) 
and electron backscatter channel contrast image (c) 
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Fig. 11 TEM images of BG sample deformed to fracture: (a) Dislocation pile-ups around M23C6 carbides; (b, c) Few 
nanotwins and corresponding SAED pattern; (d, e, e1) Deformed microstructures and corresponding SAED pattern 
around region with M23C6 carbides 
 

 
Fig. 12 TEM images of HM sample deformed to fracture: (a, b) Dislocation pile-ups around M23C6 carbides; (c, d, d1) Few 
nanotwins and corresponding SAED pattern 
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which provide a fast channel for diffusion of 
alloying elements [31]. Hence, the M23C6 carbides 
were observed both at grain boundaries and inside 
the grains. The local elemental fluctuation favors 
the formation of precipitates, resulting in the 
formation of nanosized M23C6 carbides (~5 nm) 
within the elemental clusters region. 

The cold rolling process introduces a large 
number of defects, which increases the driving 
force for the nucleation and coarsening of the 
precipitates during the subsequently annealing 
treatment. Hence, the heterogeneously deformed 
microstructure can lead to inhomogeneous energy 
required for the nucleation of precipitates. As 
shown in Fig. 1, the heterogeneously deformed 
microstructures including nanotwins, dislocation 
cells and microbands, were observed in the 
FeCoCrNiMn−0.5at.%C HEA after cold rolling 
process. As a result, the M23C6 carbides hetero- 
geneously precipitate in the present HEAs via 
proper thermo-mechanical treatment. In our work, 
an incompletely recrystallized structure and 
heterogeneous distribution of the M23C6 carbides 
were firstly obtained by annealing the alloy at 
650 °C for 2 h. Then, the sample was annealed    
at a higher temperature of 750 °C, which further 
accelerated the recrystallization behavior and thus a 
fully recrystallized structure was obtained. As 
previously studied, the M23C6 carbides can act as 
barriers for the migration of grain boundaries 
during annealing [17]. Therefore, its heterogeneous 
distribution will further aggravate the hetero- 
geneous distribution of the grain size during 
short-time annealing at a higher temperature of 
750 °C, resulting in the formation of bimodal grain 
size distribution. 
 
4.2 Mechanical properties 

The deformation behavior of the BG sample 
with heterostructure is different from that of the 
HM sample. Since the mechanical properties 
between fine grains and coarse grains present 
incompatibility, and the larger M23C6 carbides at the 
fine grain boundaries hinder the transfer of strain, 
the BG sample produces an obvious strain gradient 
(strain localization) during the tensile deformation. 
As illustrated by the misorientations of the EBSD 
images and the high magnification ECCI analysis 
(Fig. 10), the coarse grains generated larger  
strains than fine grains. Furthermore, the high 

density of GNDs was produced to accommodate  
the strain gradient in the BG sample [33,34]. The 
density of GNDs (ρGND) mainly depends on the 
mechanical properties and the local misorientation 
angle θ, which can be described by the following 
expression [33]:  

GND
2=

n b
θρ
λ

                             (1) 
 
where b is the amplitude of Burgers vector, λ is the 
scan step size, and n denotes the average number of 
nearest neighbors used in the EBSD analysis. In the 
current experiment, the step size was 0.1 μm and n 
is the default value of data analysis in the OIM 
software. Due to the presence of strain gradient, 
which further enlarges the local misorientation 
angle θ, the BG sample has higher density of GNDs 
(1.07×1014 m−2) than the HM sample (0.75×1014 m−2) 
at an engineering strain of 5%. The high density of 
GNDs is beneficial to enhancing strain hardening 
rate [17]. Therefore, in the early stage of 
deformation (with a true strain below 12.5%), the 
BG sample has a higher strain hardening rate. The 
interaction between nanotwins and dislocation 
during tensile deformation could improve the 
capacity of storing dislocations and thus sustain the 
strain hardening rate [35,36]. Since the volume 
fraction of M23C6 carbides in the HM sample (4.3%) 
is higher than that in the BG sample (3.6%), the 
content of interstitial carbon atoms in the HM 
sample is lower than that in the BG sample. The 
carbon increases the stacking fault energy (SFE)  
of Fe−Cr−Ni-based stainless steels and TWIP  
steels [37−39]. Due to the similarity of composition 
and mechanical behavior of the FeCoCrNiMn alloy 
and austenitic steels, the addition of carbon 
increases the SFE for FeCoCrNiMn HEA [22]. 
Thus, the HM sample has lower SFE than the BG 
sample, leading to the higher twinning activity in 
the HM sample. The formation of nanotwins 
increases the capacity of storing dislocations and 
provides additional strain hardening [2,40,41]. 
Consequently, the HM sample displays a higher 
strain hardening rate at the later stage of tensile 
deformation with a true strain higher than 12.5%. 

Table 1 displays the mechanical properties of 
carbon-contained FeCoCrNiMn HEAs from the 
current work and also the previous literature. By 
comparison, the BG sample in this study presents 
better mechanical properties than previous work.  
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Table 1 Mechanical properties of carbon-containing FeCoCrNiMn HEAs from current preparation process and previous 
literature 

HEA Yield strength/MPa Ultimate tensile strength/MPa Elongation/% Source 

FeCoCrNiMn−0.5at.%C (BG) 632 893 36 Present work 

FeCoCrNiMn−0.5at.%C (HM) 552 830 40 Present work 

FeCoCrNiMn−0.5at.%C 225 655 38 [42] 

CoCrFeNiMn−1at.%C 570 880 30 [26] 

CoCrFeNiMn−1at.%C 634 843 38 [43] 

Co1Cr0.25Fe1Mn1Ni1−0.5at.%C 565 851 28 [44] 

Co1Cr0.25Fe1Mn1Ni1−2.0at.%C 562 895 32 [44] 

FeCoCrNiMn−1.3at.%C 600 836 24 [45] 
 
Obvious strain gradient was observed in the BG 
sample. On the one hand, the accommodation of 
this strain gradient needs to produce GNDs,  
which generates high back stress and makes the 
softer matrix strong and thus improve the yield 
strength [13,46]. One the other hand, the plastic 
deformation of metals is connected with two types 
of dislocations, statistically stored dislocations and 
GNDs. The flow stress as a function of dislocation 
density can be denoted as [47,48] 
 

s G= +αGb ρ ρτ                           (2) 
 
where τ is the shear flow stress, α is a constant, G 
represents the shear modulus, and ρs and ρG are the 
densities of statistically stored dislocations and 
GNDs, respectively. Based on this function, 
statistically stored dislocations and GNDs have 
similar contributions to the flow stress. The higher 
density of the GNDs in the BG sample due to the 
formation of heterogeneous deformation and strain 
gradient during tensile deformation leads to the 
enhancement of the flow stress. Moreover, the 
nano-carbides exert strengthening effect by Orowan 
strengthening mechanism, which can be calculated 
by the Ashby−Orowan equation [49]: 
 
∆σOrowan=(0.538Gbf 0.5/D)ln[D/(2b)]          (3) 
 
where G(=68.8 GPa) is the shear modulus adopted 
from FeCoCrNiMn HEA [50,51], 0= / 2b a , with 
a0 as the lattice constant of the HEAs, f is the 
volume fraction of precipitate, and D is the real 
spatial diameter of precipitate (D=(3/2)0.5D0, where 
D0 is the average diameter of the precipitates 
measured from the intersection plane). The lattice 
parameter of the present HEAs is 0.361 nm, which 

is measured from the interplanar distance of {111} 
planes in the HRTEM image. The detailed 
measurement method is shown in Fig. S1 in 
Supporting Materials. Hence, the precipitation 
strengthening of carbides in BG and HM samples 
are calculated to be 127.4 and 123.3 MPa, 
respectively. The lattice friction stress increases 
~160 MPa with doped 1 at.% C in FeCoCrNiMn 
HEA [26], which is attributed to the interstitial solid 
solution strengthening from the carbon atoms. 
Unfortunately, it is difficult to accurately measure 
the difference value in interstitial carbon content 
between HM and BG samples. However, based on 
the twinning activities and volume fraction of 
M23C6 carbides, it seems reasonable to deduce that 
the content of interstitial carbon atoms in the HM 
sample is lower than that in the BG sample leading 
to the lower value of interstitial solid solution 
strengthening. 

Consequently, due to these comprehensive 
factors, although the BG and HM samples have 
approximately the same average grains size, the BG 
sample achieves better combination of strength and 
ductility than the HM sample. Based on this 
strategy in designing heterogeneous microstructure 
and optimizing the synergy of strength and ductility, 
the topic of our further work will focus on enhancing 
strain gradient by tailoring SEF to control the 
deformation mechanisms in fine grains and large 
grains, and further takes advantage of precipitation 
strengthening effect by introducing proper precipi- 
tates, such as B2 and Cu-rich intermetallics. 
 
5 Conclusions 
 

(1) Different deformed microstructures, involving 
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nanotwins, dislocation cells and microbands were 
observed in the FeCoCrNiMn−0.5at.%C HEA after 
cold rolling. The M23C6 carbides precipitate during 
annealing treatment and present heterogeneous 
distribution that the coarse M23C6 carbides 
aggregate along the fine grains boundaries. 

(2) The HM (4.9 μm) and BG (4.8 μm) 
samples present an approximately similar average 
grain size, but different grain size distribution, 
which were realized by controlling the thermo- 
mechanical treatment. The BG sample shows 
obvious bimodal grain size distribution and high 
fraction of the fine grains with the size ranging 
from 0.2 to 3 μm. 

(3) Comparing to the HM sample, the 
deformed microstructure in BG sample presents 
heterogeneous characteristics, and thus forms strain 
gradient and produces a higher density of GNDs 
during tensile deformation. These deformation 
characteristics favor the enhancement of strain 
hardening rate and thus improve the yield strength 
with little loss in the ductility. 
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含碳 FeCoCrNiMn 高熵合金的异质显微组织和力学性能 
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摘  要：利用可控热机械处理工艺，在含 0.5%C(摩尔分数)的 FeCoCrNiMn 高熵合金中获得具有纳米析出相和双

峰晶粒尺寸分布的异质显微组织。粗大的 M23C6 碳化物倾向于在细晶粒的晶界处形成。与具有均匀显微组织的样

品相比，异质结构 FeCoCrNiMn−0.5%C(摩尔分数)高熵合金具有相似的平均晶粒尺寸(约 4.8 μm)。然而，它具有

晶粒双峰结构且粒径<3 μm 的细晶粒的体积分数更高，从而使屈服强度从 552 MPa 提高到 632 MPa。具有异质结

构的样品在不同的区域呈现不同的力学性能和变形显微组织，导致在拉伸变形过程中产生明显的应变局域化和高

密度的几何必要位错。这些变形特征有利于提高应变硬化能力，从而促进强度−塑性的协同作用。 

关键词：高熵合金；异质显微组织；双峰晶粒；力学性能；强化机制 

 (Edited by Wei-ping CHEN) 



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



