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A B S T R A C T   

Medium Entropy Alloy (MEA) has been of great research interests in materials science. However, the strength 
and ductility, like most metals, cannot be obtained in MEAs simultaneously so far, without changing their 
chemical compositions. Here, we present a new way to fabricate gradient heterogenous nanograined structure for 
overcoming strength-ductility trade-off of the equiatomic Medium Entropy Alloy (MEA) at multiple length scales. 
Ultrasonic assisted cyclic thermal dynamic solid-state physical process was developed to fabricate ultrastrong 
gradient heterogenous nanograined FeCoNi MEA structures with heterogenous nanocrystalline (NC). The 
microstructure and mechanical behaviors of the gradient heterogenous nanograined MEA are investigated. We 
studied the mechanical responses of the FeCoNi MEAs with designed crystalline structures. The yield strength of 
the heterogenous nanograined FeCoNi MEA (1.45 GPa) was increased by 8 times compared to that of coarse- 
grained FeCoNi MEA, while ductility was increased from 33% to 45% after the processing. The strengthening 
mechanism in the NC FeCoNi MEA is found to be dominated by grain refinement and heterogenous grain 
structure. We also found an identical strain rate sensitivity exponent for the FeCoNi medium entropy alloy at 
multiple length scales, implying that dislocation mediated deformation mechanism dominates in the heteroge-
nous FeCoNi MEA. This study provides a new way to fabricate novel gradient heterogenous nanograined 
structures to achieve both high strength and ductility in MEAs and provide fundamental understanding of the 
mechanical strengthening and deformation mechanisms of the nanograined MEAs.   

1. Introduction 

High entropy alloys (HEAs) are the alloys constituting five or more 
principle elements in equiatomic or near-equiatomic concentrations, 
while those constituting 2–4 elements are defined as medium-entropy 
alloys (MEAs) [1]. Different from the conventional “base element” 
paradigm, a novel paradigm involving the mixing of multiple elements 
in an equiatomic or near-equiatomic composition for alloy design was 
proposed by Yeh et al. [2]. Even though the history of study on the HEAs 
and MEAs is only 15 years, they are of great research interests in ma-
terials science and engineering [1,3] due to their excellent specific 
strength [4], exceptional cryogenic strength and fracture toughness [5], 

superior mechanical performance at high temperature [6], supercon-
ductivity [7,8] and excellent radiation resistance [9] et al. Note that the 
equiatomic Cr–Mn–Fe–Co–Ni system is the most thoroughly studied 
HEAs experimentally and theoretically due to their good combination of 
high work-hardening rate, ultimate tensile strength and ductility 
[10–14]. Raabe et al. developed a strong and ductile CoNiV medium 
entropy alloy with fcc structure. They found that the CoNiV MEA has 
high resistance to corrosion and hydrogen embrittlement at ambient 
temperature at a strain rate of 10− 4s− 1, due to its low hydrogen diffu-
sivity and the deformation twinning that impedes cracks propagation 
[15]. Li et al. developed a new kind of Co2CrNi1.5Al0.25Ti0.25 MEA which 
can achieve an excellent strength-ductility combination at 293 K and 77 
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K by the synergy of heterogeneous grain structure (HGS) and hetero-
geneous precipitation (HP) by the combination of cold rolling and 
annealing. The yield strength of the as-fabricated MEA can reach as high 
as 1.73 GPa with a tensile elongation of 16% at 293 K [16]. The 
Cr–Mn–Fe–Co–Ni HEAs/MEAs usually exhibit poor mechanical 
strength. For example, the yield strength of the FeCoNi with an average 
grain size of 28 μm is only 190 MPa at room temperature [17]. Recently, 
strategies are emerging to get novel HEAs with ultrahigh strength and 
ductility based on FeCoNi MEA due to its outstanding intrinsic ductility. 
For example, Fu et al. designed a novel FeCoNiAlTi HEA based on the fcc 
single-phase equiatomic FeCoNi MEA in which two elements, Al and Ti, 
are added for getting ultrastrong HEA. Their research results indicated 
that the as-fabricated novel HEA has a tensile yield strength of as high as 
1.86 GPa and an ultimate tensile strength of 2.52 GPa at room tem-
perature. They attributed this ultrahigh strength to the hierarchical 
intragranular nanoprecipitates [18]. However, getting such an ultra-
strong HEA is time consuming. The entire materials processing routine 
involves 45 h dry ball milling, 4 h wet ball milling, and 49 h drying of the 
metallic powders. Then the metallic powders were processed to get the 
bulk HEA using the SPS-sintering. Another example was reported by 
Yang et al. in 2018. They introduced high density L12 intermetallic 
nanoparticles in the fcc FeCoNi-base alloy system by alloying with Ti 
and Al additions to achieve a large “fcc + L12” dual-phase region for a 
dense precipitation. Their research results indicated that the developed 
dual-phase complex alloys exhibit superior strengths of 1.5 GPa and 
ductility as high as 50% in tensile at room temperature [19]. Earlier in 
2016, Li et al. proposed a metastability-engineering strategy to get 
dual-phase HEAs overcoming the strength-ductility trade-off. The 
addition of the Mn element changed the phase condition of the matrix 
materials. The designed Fe50Mn30Co10Cr10 HEA has the fcc + hcp dual 
phase structure and exhibits a yield strength of almost 400 MPa with a 
ductility of 60% in tensile at ambient temperature. They pointed out that 
these large improvements in the mechanical properties of the 
Fe50Mn30Co10Cr10 is due to the underlying plastic accommodation and 
strain hardening processes [20]. These methods can increase the yield 
strength of the HEA/MEAs by modifying the phase condition or chem-
ical compositions of the FeCoNi MEA. However, the time consuming to 
get such strong HEAs/MEAs is costly and the materials process routine is 
complicated and requires multiple experiments to optimize the chemical 
compositions of the materials. Hence, an efficient and effective method 
to enhance the mechanical properties and overcome the 
strength-ductility trade-off of the FeCoNi MEA without changing their 
chemical compositions is urgently required. 

Nanograined metal and alloys are defined as the materials with the 
average grain size that of less than 100 nm [21]. They exhibit extraor-
dinary mechanical strength due to the high-density grain boundaries 
working as the block for the dislocation movement during the plastic 
deformation [22]. However, the ductility of the free standing homoge-
nous nanograined metal and alloys is poor. And the strength-ductility 
trade-off is an intrinsic “Achilles’ heel” of nanograined metal and al-
loys [23]. Recently, study of achieving ultrastrong HEAs/MEAs by 
decreasing its grain size has drawn attentions from the materials sci-
entists and engineers worldwide. Michel J.R. Haché et al. reviewed the 
studies on the nanostructured high entropy alloys in 2020. They pointed 
out that methods to get nanograined HEA/MEAs include mechanical 
alloying (MA), high pressure torsion (HPT) and DC magnetron 
co-sputtering (DCMS) [24]. Nevertheless, it is still challenging to get 
large-scale ultrastrong ductile bulk NC HEAs/MEAs with grain size that 
less than 100 nm due to the unstable nanostructure arising from the 
increased grain boundary energy [25,26] and the intrinsic 
strength-ductility trade-off of the nanostructured metal and alloys [27]. 
Additionally, the mechanical behaviors of the NC HEAs/MEAs at 
nanoscale are still unclear and an efficient and effective method to get 
such large-scale ultrastrong ductile bulk NC HEAs/MEAs is highly 
desired. 

Hereby, we propose a two-level gradient heterogenous nanograined 

structure for overcoming the strength-ductility trade-off of the FeCoNi 
MEA and successfully fabricate a large-scale ultrastrong gradient bulk 
nanograined FeCoNi MEA using Ultrasonic assisted Cyclic Thermal- 
dynamic Solid-state physical processes (UltraCTS). Fig. 1 (a) illustrates 
the scheme of the proposed solid-state materials processing method. 
High frequency ultrasonic signal provides the vibration of the ultrasonic 
tip. High strength steel shots with the diameter of 1~5 mm placed on the 
surface of the tip will be accelerated by the high frequency vibration and 
impact the target surface with high velocities and high frequency. Then, 
the shots will be rebounded back to the vibrating surface and change 
their directions to impact the target materials again. Cyclic severe 
plastic strain Δεp will be introduced into the target surface by the high- 
speed shots efficiently as illustrated in Fig. 1 (b). The strength of the 
target surface will be enhanced by this cyclic plastic strain accumulation 
due to the strain hardening and grain refinement process as illustrated in 
Fig. 1 (c). Severe plastic deformation can be effectively introduced in the 
target surface as illustrated in the inset of Fig. 1(c). One of the advan-
tages of this technology is that we can get gradient heterogenous 
nanograined structure on the target materials, allowing us to study the 
mechanical responses of the nanocrystalline and single crystalline MEA 
on one sample to eliminate the experimental errors due to sample 
preparation. On the gradient heterogenous nanograined sample, 
micropillars with nanocrystalline and single crystalline microstructure are 
fabricated from the top surface of the sample and matrix materials, 
respectively as illustrated in Fig. 1 (d) and (e). The insets of Fig. 1 (a) 
illustrate the plane-view, cross-sectional view of the as-fabricated sam-
ple and the locations of the micropillars. Furthermore, it is known that 
the mechanical strength and ductility of the materials can be enhanced 
by developing a gradient NC layer on its outmost surface. According to 
Fang et al., the gradient NC structure can perfectly evade the trade-off 
between the strength and ductility of the metal and alloys. They 
developed a gradient NC film on the coarse-grained copper substrate 
with a gradient transition of grain size. The gradient NC copper film 
exhibits a 10 times higher yield strength compared to that of the coarse- 
grained substrate and can sustain a tensile true strain exceeding 100% 
without failure [28]. Additionally, the improved fatigue life of the 
components with gradient NC layer has also been demonstrated in the 
recently published literatures [29–32]. Hence, it is promising to develop 
high performance FeCoNi MEA components by developing an ultra-
strong gradient heterogenous nanograined structure on their outermost 
surface. This ultrastrong gradient heterogenous nanograined structure 
can act as an “armor” to protect the matrix core materials from crack and 
failure due to its ultrahigh yield strength, typically several times higher 
than that of the matrix materials. Another advantage of this cyclic 
thermal-dynamic solid-state physical processing technology comparing 
to other mechanical strengthening/SPD methods, e.g. rolling, HPT et al., 
is that the cyclic plastic strain allows the materials have time to nucleate 
and recrystallize, which results in stable nanostructure for finer grain 
size. The inset of Fig. 1 (d) illustrates the magnified characterizations of 
the as-fabricated NC FeCoNi micropillar and the extremely fined nano-
grains (10–20 nm) marked by the red arrows can be clearly identified. 
Detailed materials characterizations of the gradient heterogenous 
nanograined structure will be illustrated in the following sessions. In 
summary, we demonstrate an efficient method to get a two-level het-
erogeneous nanograined structure for overcoming the strength-ductility 
trade-off of the FeCoNi MEA. The first-level heterogenous structure is 
the nanocrystalline surface layer with the grain size varying from 10 to 
200 nm located at the topmost surface of the FeCoNi MEA as illustrated 
in Fig. 1 (d). The extremely fined nanograins (10–50 nm) can make the 
materials/micropillar superb strong and stable [33,34], while the ul-
trafine grains (50–200 nm) can act as the sources of the dislocations 
resulting reasonable ductility. The second-level heterogenous structure 
is the gradient nanograined layer with the thickness of up to 500 μm as 
illustrated in Fig. 1 (c). This gradient heterogenous nanocrystalline 
structure along the cross-sectional direction of the metal and alloys has 
been proved to be an effective structure to overcome strength-ductility 

F. Yin et al.                                                                                                                                                                                                                                      



Materials Science & Engineering A 823 (2021) 141631

3

of the metal and alloys at macroscale [27,35,36]. The two-level het-
erogeneous nanograined structure of the developed FeCoNi MEA could 
make it ultrastrong and ductile at multiple length scales. 

2. Materials and methods 

The equiatomic FeCoNi medium entropy alloy (MEA) is produced by 
melting the element Fe, Co and Ni (>99.9% pure) in a 25 kg vacuum 
induction furnace. The diameter of the as-cast ingot is 120 mm. To 
eliminate the element segregation of the cast, the ingot is homogenized 

for 15 h at the temperature of 1473 K. Then, it is rolled at the temper-
ature of 1503 K and the final diameter of the cast is 60 mm. The ultra-
sonic assisted cyclic thermal-dynamic solid-state physical processes as 
illustrated in Fig. 1 is used to get large-scale NC FeCoNi MEA. In this 
study, high-strength steel balls with the dimeter of 3 mm are used to 
impact the target surface repeatedly within an enclosed chamber. The 
frequency of the ultrasonic vibration is 20 KHz. After the treatment, the 
sample is cut from the cross-sectional direction and polished by the 
sandpapers and diamond paste to get a mirror-like surface. It should be 
clarified that all the mechanical tests are done at different depths 

Fig. 1. (a) Scheme of the ultrasonic assisted cyclical thermal-dynamic solid-state physical process; (b) mechanical strengthening of the MEA during the cyclic 
thermal-dynamic solid-state physical process due to the accumulated plastic strain; (c) Scheme of the grain refinement process of the MEA via the ultrasonic assisted 
cyclic thermal dynamic solid-state physical process and (d) a nanocrystalline micropillar with high density dislocation and grain boundary and (e) a single crystalline 
micropillar free of grain boundary. (The micropillars are captured via SEM with a stage tilt of 52◦). 
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separately from the cross-section of the sample. Focused Ion Beam (FIB) 
is used to prepare a TEM sample from the treated sample at the topmost 
surface by using the FEI QUNTA 3D FIB/SEM dual beam system. The 
width and length of the TEM lamellar is 6 μm and 10 μm, respectively. 
The TEM sample is then characterized by the FEI Talos 200X with the 
accelerating voltage of 200 kV. The HAADF-STEM EDS scanning of the 
NC FeCoNi MEA is used to characterize the element segregation and/or 
second phase formation at nanoscale. To get the mechanical behaviors 
of the NC FeCoNi MEA at different length scales from nanometers to 
micrometers, nanohardness and Young’s modulus of the gradient NC 
FeCoNi MEA are measured using the Agilent Nanoindenter G200 
equipped with the Berkvich tip. A series of the indent sites are selected 
along the cross-sectional direction of the sample. The distance between 
each indent site is set as 5 μm. The maximum displacement of the tip 
during the tests is set as 1000 nm and the strain rate is set as 0.05 s− 1 

with a maximum allowable drift rate of 0.05 nm/s. To get the flow stress 
and strain hardening exponent of the NC FeCoNi MEA at different length 
scales, micropillars are fabricated on the gradient NC FeCoNi HEA alloy 
using the FIB/SEM system. The grain structure of the micropillars is 
controlled by precisely controlling their locations on the gradient NC 
MEA sample. In this study, the nanocrystalline micropillars are fabri-
cated at the location of 2 μm and 5 μm depth from the topmost surface, 
respectively. A single crystalline micropillar is fabricated from the 
coarse-grained matrix materials. The diameter and height of the 
micropillar is 3 μm and 6 μm, respectively. To guarantee the surface 
quality of the micropillars, all the micropillars are finally polished using 
the ion current of 10 pA in the FIB/SEM system. The as-fabricated 
micropillars are compressed by using the Agilent Nanoindenter G200 

with a flat diameter tip at the strain rate of 0.05 s− 1. The SEM charac-
terizations are conducted to observe the microstructure of the micro-
pillars before and after the compression tests. The dimension of the 
micropillars before the compression tests is carefully measured in the 
SEM system for the strain and stress calculation. Strain rate sensitivity 
(SRS) for the FeCoNi MEA at multiple length scales is measured by using 
the continuous-stiffness-measurement (CSM) strain-rate jump test 
methods described by Maier et al. [37]. The maximum and minimum 
strain rate during the tests are set as 0.1s− 1 and 0.0001 s− 1, respectively. 

3. Results 

3.1. Two-level heterogenous nanograined structure 

Fig. 2 illustrates the TEM characterizations of the gradient heterog-
enous nanocrystalline (NC) FeCoNi MEA at different locations along the 
cross-sectional direction. It should be noted that because of the gradient 
plastic strain along the cross-sectional direction of the sample during the 
grain refinement process, a gradient NC structure is supposed to be 
fabricated. Fig. S1 illustrates the EDX mapping of the as-fabricated NC 
MEA at nanoscale. It can be seen in Fig. S1 that the materials are still the 
FeCoNi alloy and there is no nano-precipitates in the NC layer. Fig. 2 (a)– 
(c) illustrates the bright field (BF), dark field (DF) and selected area 
diffraction pattern (SADP) of the NC FeCoNi HEA at the topmost surface. 
The equiaxed nanograins have been successfully fabricated and marked 
by the red arrows in Fig. 2 (a). Extremely fined nanograins with the size 
of 10–20 nm is characterized and marked in Fig. 2 (b). The diffraction 
ring marked in Fig. 2 (c) confirms the formation of the randomly 

Fig. 2. TEM characterizations of the gradient heterogenous nanograined FeCoNi medium entropy alloy (MEA) along the cross-sectional direction: (a) bright field 
(BF), (b) dark field (DF), (c) selected area diffraction pattern (SADP) and (d) statistical analysis of the grain size for the NC FeCoNi MEA at the location of 2 μm depth 
from the treated surface; (e) BF, (f) DF, (g) SADP and (h) statistical analysis of the grain size for the NC FeCoNi MEA at the location of 6 μm depth from the treated 
surface; (i) BF, (j) DF, (k) SADP and (l) statistical analysis of the grain size for the NC FeCoNi MEA at the location of 10 μm depth from the treated surface. 
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oriented equiaxed nanograins at this location. The grain size of the 
FeCoNi MEA varies from 10 nm to 220 nm according to the statistically 
analysis illustrated in Fig. 2 (d), indicating heterogeneous nanograined 
structure of the FeCoNi MEA is obtained at nanoscale; Fig. 2 (e)–(g) 
illustrate the BF, DF and SADP of the NC FeCoNi MEA at the location of 
6 μm depth from the topmost surface. It can be seen in Fig. 2 (e) that the 
lath-shaped grains are fabricated at this depth and some tiny equiaxed 
nanograins distribute between the lath-shaped grains. High-density 
dislocation is marked in Fig. 2 (e). Fig. 2 (f) shows the DF character-
ization of this area. The sub-nanograins can be identified in Fig. 2 (f) and 
marked by the red arrows. Stronger signal points circled in Fig. 2 (g) 
indicate orientated nanograins, which is consistent with the BF char-
acterization in Fig. 2 (e). Fig. 2 (i)–(k) illustrate the BF, DF and SADP of 
the NC FeCoNi MEA at the location of 10 μm depth from the topmost 
surface. We can identify lath-shaped nanograins and sub-grains at this 
area as well. High density dislocation can be seen in Fig. 2 (i) and there 
are some stronger signal points as indicated in Fig. 2 (f), indicating 
orientated nanograins have been fabricated. Fig. 2 (d), (h) and (i) 
illustrate the statistically analysis of the grain structure of the gradient 
heterogenous nanograined MEA. The average grain size of this gradient 
heterogenous nanograined FeCoNi MEA at the location of 2 μm, 6 μm 
and 10 μm depth from the topmost surface is 60 nm, 90 nm and 100 nm, 
respectively. With the increase of the distance from the topmost surface, 
the average grain size of the gradient heterogeneous nanograined 
FeCoNi MEA increases gradually. This gradient characteristic structure 
agrees well with the gradient nanograined structure fabricated on the 
stainless steel [38], low carbon steel [39] and copper [40] et al. reported 
in our previously published studies. It should be noted that the gradient 
transition of the grain size in the NC MEA layer is not significant along 
the depth. 

The extremely fined nanograined (ex-NG) structure defined as the 
grain size that less than 20 nm can be identified in Fig. 2 (a) and (b). 
Nanograined (NG) structure defined as the grain size that less than 100 
nm and the ultrafine grained (UFG) structure defined as the grain size 
that less than 1000 nm can be characterized in the gradient nanograined 
surface layer as illustrated in Fig. 2 as well. The extremely fined nano-
grains with the grain size of 10–20 nm contribute to the superb strength 
and stability of the heterogenous structure, while the NG and UFG with 
the grain size from 20 to 200 nm characterized in Figs. 1 (d) and Fig. 2 
(a) can ack as the dislocation source of the heterogenous materials 
during the plastic deformation. The level 1 heterogeneous structure of 
the materials possess reasonable strength and ductility at nanoscale. The 
gradient heterogeneous nanograined structure makes the entire MEA 
component strong and ductile at macroscale, which is defined as the 
level-2 heterogenous strengthening mechanism hereby. 

3.2. Nanohardness and modulus 

Fig. 3 illustrates the distribution of the nanohardness and Young’s 
modulus of the gradient heterogenous nanograined FeCoNi MEA along 
the cross-sectional direction from the top surface to the matrix core 
materials. The nanohardness decreases gradually with the increase of 
the depth from the topmost surface. And the hardest material locates at 
the topmost surface with the nanohardness value of 4.92 GPa. There is a 
sharp nanohardness gradient at the top surface of the sample with the 
layer thickness of around 150 μm. This test result is consistent with the 
gradient NC structure as characterized in Fig. 2 and can be explained by 
using the Hall-Petch grain boundary strengthening mechanism. Fig. 3 
also illustrates the distribution of the Young’s modulus of the gradient 
NC MEA alloy along the cross-sectional direction. We found that there is 
no significant change of the Young’s modulus of the gradient NC FeCoNi 
MEA. And the Young’s modulus of the FeCoNi MEA is 177.7± 9 GPa, 
which agrees well with the results presented by Laplanche et al. [10]. 
They indicated that the modulus of the FeCoNi MEA is 175 MPa. 

3.3. Micropillar compression test 

Fig. 4 (a) illustrates the engineering stress-strain of the heterogenous 
nanocrystalline (NC) micropillar with the average grain size of 60 nm 
and 90 nm and the single crystalline (SC) micropillar free of grain 
boundaries. The grain size in the micropillars is determined by precisely 
controlling the location of the micropillars on the sample. Firstly, a 
significantly improvement of the yield strength for the heterogenous NC 
micropillar is achieved comparing to its SC counterpart. The tested yield 
strength of the SC micropillar is around 375 MPa, which is much higher 
than the data obtained from the tensile test, 190 MPa, reported by Wu 
et al. [17]. Size effect should be taken into consideration for the SC 
micropillar compression. The average grain size (less than 100 nm) in 
the NC micropillar is much smaller than the dimension of the micropillar 
with the diameter and height of 3000 nm and 6000 nm, respectively. 
Hence, the size effect for the NC micropillars can be ignored. The yield 
strength of the heterogenous NC micropillar with the average grain size 
of 60 nm and 90 nm is 1.48 GPa and 1.12 GPa, respectively. And the 
ultimate strength of the NC micropillar can reach as high as 1.7 GPa. The 
yield strength of the NC MEA developed in this study is almost 8 times 
higher than that of coarse-grained MEA. One thing should be noted is 
that the developed heterogenous NC MEA exhibits a ductility of 45% 
(60 nm NC micropillar) and >25% (90 nm NC micropillar) in 
compression at ambient temperature, respectively, which indicates that 
the developed heterogenous NC MEA has a reasonable formability at 
microscale. Secondly, we find stress avalanches in the engineering 
stress-strain curve of the SC micropillar as indicated in Fig. 4 (a). This 
phenomenon has also been observed in other materials system, such as 
316L stainless steel [38,41]. When the SC micropillar is deformed, dis-
locations will move directly to the surface of the micropillar and vanish 
suddenly due to the lack of grain boundaries. The sudden vanish of the 
dislocation generates multi-direction slip bands on the surface of the 
deformed SC micropillar as illustrated in Fig. 4 (d). In contrast, there are 
no slip bands on the deformed NC micropillars as illustrated in Fig. 4 (c) 
and (b). Instead, deformation wrinkles are observed in the NC micro-
pillars. That’s because when the NC micropillars are deformed, dislo-
cation movements are hindered by the high-density grain boundaries at 
nanoscale. Thirdly, according to the micropillar compression test re-
sults, the mechanical strength of the FeCoNi MEA can be significantly 
improved by (a) the transition from SC structure to the NC structure, (b) 
Hall-Petch effect and (c) strain hardening as illustrated in Fig. 4 (a). We 

Fig. 3. The nanohardness and Young’s modulus of the gradient NC FeCoNi 
MEA along the cross-sectional direction from top surface to the matrix 
core materials. 
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Fig. 4. (a) Engineering stress-strain curves of the NC FeCoNi MEA with the average grain size of 60 nm and 90 nm and the engineering stress-strain curve of the 
signal crystalline FeCoNi MEA. The deformed micropillar at the locations of (b) 1.5 μm, (c) 6 μm and (d) 1500 μm depth from the topmost surface on the NC FeCoNi 
MEA sample. (All the SEM pictures were captured in the same magnification with a tilt angle of 52◦). 

Fig. 5. MD simulation for compression of FeCoNi medium entropy alloy. a)~f) Atomic model and dislocation distribution before and after compression for single 
crystal and poly crystal respectfully. g) grain size distribution for the poly crystal model. h) stress strain curves after compression. 
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will discuss and quantify these strengthening mechanisms later. 
In this study, the Large-scale Atomic/Molecular Massively Parallel 

Simulator (LAMMPS) was used for MD simulation of compression for 
single and poly crystal FeCoNi medium entropy alloy. Atomic configu-
ration for the models were shown in Fig. 5 (a) and (b) for single crystal 
and poly crystal respectfully. Dimension of the simulation box was about 
10 *10*10 nm3. Grain size for the poly crystal model was between 3 
nm–6 nm and its distribution was demonstrated in Figure (g). Before 
compression, initial dislocations with density around 3*1012/cm2 were 
introduced in the model to account for the plastic deformation during 
shot peening process. The embedded atom model potential (EAM) was 
used to compute pairwise interactions among Fe–Co–Ni atoms. The 
systems were equilibrated at 300 K and zero pressure using the constant 
temperature and pressure ensemble (NPT) for 2 ns with a time step 1 fs. 
During compression loading, strain rate along the z direction was 1 * 
1010 s− 1 with periodic boundary conditions for x- y- and z-directions. 
MD simulation results were showed in Fig. 5 (e) and (f) for single and 
poly crystal after compression. And OVITO was used for visualization 
the dislocation structures. Stress strain curves were presented in Fig. 5 
(h). For single crystal, its yield strength was around 250 Mpa. While poly 
crystal had much higher strength around 2.1 GPa. The results agree with 
the experimental results illustrated in Fig. 4. 

4. Discussion 

4.1. Strengthening mechanism 

The acknowledged Hall-Petch relationship as shown in equation (1) 
is used to describe the grain refinement strengthening phenomenon of 
this gradient heterogeneous nanograined FeCoNi MEA. 

σy = σ0 + Kyd− 1/2 (1)  

where, σy is the yield strength of the MEA; d is the average grain size of 
the materials; σ0 is the friction stress and Ky is a yield constant. 

According to Wu et al., the yield strength of the coarse grained 
FeCoNi MEA with the grain size of 28 μm is 190 MPa [17]. Additionally, 
Yoshida et al. [42] developed the Hall-Petch equation for the FeCoNi 
MEA at microscale. They stated that the developed Hall-Petch equation 
can be used to describe the relationship between the yield strength of the 
FeCoNi MEA and its average grain size at microscale. However, it is still 
a challenge to develop Hall-Petch equation of the FeCoNi MEA at 
nanoscale because of the lack of the materials data. Due to the higher 

stacking fault energy of FeCoNi MEA, it is more difficult to get nanosized 
grains (<100 nm) than other Fe–Co–Cr–Mn–Ni HEAs/MEAs via con-
ventional severely plastic deformation method, such like the 
high-pressure torsion (HPT). The finest grain size for the FeCoNi MEA 
obtained from HPT reported by Yoshida is 5.64 μm. In this study, we 
successfully get gradient heterogeneous nanograined structure on the 
FeCoNi MEA and measure the mechanical strength of the FeCoNi MEA. 
By using the data reported by Wu et al. as well as Yoshida et al., and the 
data obtained in this study, we develop the Hall-Petch relationship for 
the FeCoNi MEA from coarse-grained regime to nanograined regime as 
shown in Equation (2) and Fig. 5 (a). 

σy = 81.02 + 10485.5*d− 1/2 (2)  

where, σy is the yield strength of the FeCoNi MEA and d is the average 
grain size of the FeCoNi MEA with the unit of nanometer. 

Fig. 6 (a) illustrates the Hall-Petch plot of the FeCoNi MEA at mul-
tiple length scales from coarse-grained to nanograined regime. The 
strength of the FeCoNi MEA at nanoscale can be precisely tuned by 
controlling the grain structure of the materials. It is the first time ac-
cording to the authors’ knowledge that precisely Hall-Petch equation for 
FeCoNi MEA is reported and verified at nanoscale. It should be noted 
that we used compression tests to measure the yield strength of the NC 
MEA at microscale due to the limitation of the micro-tensile equipment. 
The finest grain size of the NC MEA developed in this study is 60 nm as 
illustrated in Fig. 2. Hall-Petch strengthening mechanism still works in 
this length scale and can be used to develop a universal linear equation 
at different length scales. All the micropillars were fabricated from a 
cross-sectional NC MEA sample and there is no gradient of the grain 
structure along its height. Hence, the yield strength of the micropillars 
measured from the compression tests can be used to develop the H–P 
strengthening equation for the FeCoNi MEA at multiple length scale. 
This mathematical relationship can be used in the strength tolerance 
design and grain refinement for high performance NC MEA component 
in the future applications. Fig. 6 (b) illustrates the comparison of the 
developed high strength NC FeCoNi MEA with other coarse-grained and 
nanograined HEAs/MEAs from the aspects of yield strength and plastic 
strain to failure. Currently, study on the nanograined HEAs/MEAs is 
insufficient and research on this topic is emerging because the me-
chanical behaviors and deformation mechanism of the HEAs/MEAs at 
nanoscale are still unclear [43]. We summary and collect the experi-
mental data of the coarse-grained (CG), ultrafine-grained (UFG) and 
nanograined (NG) FCC Fe–Co–Cr–Mn–Ni system as shown in Table 1 and 

Fig. 6. (a) Hall-Petch relationship of the FeCoNi MEA at multiple length scales from nanometer to micrometer regime and (b) comparison of the NC MEA developed 
in this study with other FCC HEAs/MEAs with coarse-grained (CG), ultrafine-grained (UFG) and nanograined (NG) structure, data are derived from the references. 
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illustrate the data in Fig. 6 (b). The mechanical strength of the HEAs/-
MEAs can be significantly enhanced by decreasing the average grain size 
of the materials according the golden, pink, and black dash lines for the 
CrCoFeMnNi [44,45], Al0.1CoFeNi [46] and CrCoNi [47–49] illustrated 
in Fig. 6 (b). The plastic strain to failure of these materials decreases 
significantly and these “banana shape” curves implying 
strength-ductility trade-off phenomenon is consistent with the conven-
tional NG metal and alloys found in the stainless steel, nickel and copper 
et al. Surprisingly, the developed heterogenous nanograined FeCoNi 
MEA in this study exhibits a yield strength of 1.48 GPa and a ductility of 
45% in compression at microscale as illustrated in Figs. 4 and 5 (b). Yang 
et al. pointed out that the sustainable strain hardening rate of the ma-
terials can benefit the ductility of the materials. They developed a 
heterogenous grain structure (HGS) with grain sizes spanning the 
nanometer to micrometer range via partial recrystallization annealing 
following conventional coral rolling of CrCoNi MEA. And the 
as-fabricated HGS CrCoNi MEA exhibits a high yield strength of 1.0 GPa 
and a uniform tensile strain of 22% [47]. We believe the superb ductility 
of the developed heterogenous nanograined FeCoNi MEA is originated 
from the pronounced work-hardening rates illustrated in Fig. 4 (a). It can 
be seen in Fig. 4 (a) that the strength of the heterogenous nanograined 
FeCoNi MEA is work hardened from 1.48 GPa to 1.7 GPa, implying high 
density grain boundaries at nanoscale and the heterogenous nano-
grained structure spanning from 10 nm to 200 nm can lead to a sus-
tainable strain hardening rate when the materials is deformed at 
microscale. 

4.2. Strain rate sensitivity 

Strain rate sensitivity (SRS) of the metal and alloys at nanoscale is 
emerging because it can imply the deformation mechanisms of the 
nanograined metal and alloys [51,52]. However, SRS exponent for the 
FeCoNi MEA at nanoscale is still unknown. The ultrastrong gradient 
nanocrystalline FeCoNi MEA fabricated in this study provides the au-
thors a research window to conduct symmetrical study of the SRS 
exponent of the materials from nanoscale to microscale. Fig. 7 illustrates 
the investigation on the SRS of the gradient NC MEA at multiple length 
scales by controlling the locations of strain rate jump test using nano-
indentation. Strain rate jump test method using nanoindentation has 
been proved to be an effective test method to get the SRS of the metal 
and alloys at nanoscale [37,53]. Fig. 7 (a) illustrates the 
load-displacement curves of the tests with the strain rates of 0.1 s− 1, 
0.018 s− 1, 0.003 s− 1, 0.001 s− 1 and 0.0001 s− 1 for the nanograined 
(NG), ultrafine grained (UFG) and coarse-grained (CG) FeCoNi MEA, 
respectively. It can be seen in Fig. 7 (a) that there are stress pop-ins 
during the tests for the NG-MEA, UFG-MEA and CG-MEA. The load on 
the NG-MEA sample is higher than that on the UFG-MEA and CG-MEA. 
Fig. 7 (b) illustrates the tested nanohardness for the NG-MEA, UFG-MEA 
and CG-MEA with different strain rates. Using the tested nanohardness 
with different strain rates, the strain rate sensitivity exponent can be 
calculated by the following equation [37]: 

Table 1 
Mechanical strength of the FCC Co–Cr–Fe–Mn–Ni system HEAs/MEAs with coarse-grained (CG), ultrafine-grained (UFG) and nanograined (NG) structure obtained 
from this study and reported by the published literatures.  

Materials Grain size σy/σ0.2 

(MPa)  
σUTS 

(MPa)  
Plastic strain to 
failure (%) 

Method Phase condition Ref. 

FeCoNi 60 nm 1480 1750 ~20% UltraCTS – This 
study 

FeCoNi 90 nm 1120 1730 ~27% UltraCTS – This 
study 

FeCoNi 5.64 μm 216.71  3% HPT + annealing FCC [42] 
FeCoNi 6.26 μm 208.88 – 2.5% HPT + annealing FCC [42] 
FeCoNi 8.41 μm 188.81 – 3.9% HPT + annealing FCC [42] 
FeCoNi 10.2 μm 177.20 – 3.5% HPT + annealing FCC [42] 
FeCoNi 36.4 μm 123.26 – 6.2% HPT + annealing FCC [42] 
FeCoNi 28 μm 190 500 29% CR + annealing FCC [17] 
Fe25Co25Ni25Al10Ti15 FCC 227 

nm; 
BCC 409 
nm 

1860 2520 5.2% MA + SPS 82.3%FCC+17.7%BCC+ γ′

nanoprecipitates  
[18] 

(FeCoNi)86–Al7Ti7 – 1028 ± 6  1446 ± 18  46.3 ± 2.2  Arc melting + water quenching +
CR + Aging 

FCC + L12 [19] 

(FeCoNi)86–Al8Ti6 – 930 ± 4  1267 ± 4  23.6 ± 0.6  Arc melting + water quenching +
CR + Aging 

FCC + L12 [19] 

Fe50Mn30Co10Cr10 45 μm 220 710 46 HT + Water quenching + CR +
Annealing 

FCC + HCP [20] 

Fe50Mn30Co10Cr10 4.5 μm 330 880 68% HT + Water quenching + CR +
Annealing 

FCC + HCP [20] 

CrCoNi 330 nm 1150 – 30% CR + Annealing FCC [47] 
CrCoNi 199 nm 993 – ~20% HPT + Annealing FCC [48] 
CrCoNi 197 nm 1613.2 1741.3 3% CR90% FCC [49] 
CrCoNi 50 μm 248 740 95.6% CR90%+Annealing(1373K/1h) FCC [49] 
CrCoNi 560 nm 848 1087.7 39.2% CR90%+Annealing(973K/1h) FCC [49] 
CrCoFeMnNi 50 nm 1950 – Very low, Not given HPT FCC [44] 
CrCoFeMnNi 105 μm 225±3  557±5  60±4%  CR + Annealing FCC [45] 
CrCoFeMnNi 650 nm 798±13  887±16  26±1  CR + Annealing FCC [45] 
CrCoFeMnNiC1 5 μm 634 843 38% CR + Annealing FCC + M23C6 [50] 
Al0.1CoCrFeNi – 1480 ~1480 4.8% Cryo-rolling FCC [46] 
Al0.1CoCrFeNi 100 nm 1670 ~1670 5% Cryo-rolling + Annealing FCC [46] 
Al0.1CoCrFeNi 900 nm 1050 ~1030 18% Cryo-rolling + Annealing FCC [46] 
Al0.1CoCrFeNi 1.1 μm 980 ~1000 21% Cryo-rolling + Annealing FCC [46] 
Al0.1CoCrFeNi 1.3 μm 890 ~955 27% Cryo-rolling + Annealing FCC [46] 
Al0.1CoCrFeNi 2.1 μm 760 ~870 36% Cryo-rolling + Annealing FCC [46] 

UltraCTS: Ultrasonic assisted cyclic thermal dynamic solid-state physical process; HTP: High Pressure Torsion; CR: Cold Rolling; MA: Mechanical Alloying; SPS: Spark 
Plasma Sintering; HT: Hot Rolling. 
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m=
d
(
lnσy

)

d(lnε̇) (3)  

where, m is the SRS exponent, which describes the SRS behavior of the 
materials assuming a constant microstructure, σy is the yield strength of 
the materials and ε̇ is the strain rate during the test. It can be seen in 
Fig. 6 (c) that the SRS exponent of the NG-MEA, UFG-MEA and CG-MEA 
is 0.020±0.0084, 0.020±0.0045 and 0.023±0.0049, respectively. The 
test results indicate that there is no significant change of the SRS for the 
MEA with different grain structure. This data can be used to describe the 
rate-dependent behavior of the FeCoNi MEA during the plastic defor-
mation at multiple length scales. 

It should be noted that the SRS exponent is dependent on the grain 
size for most conventional metallic materials. For example, Yin et al. 
studied the strain rate sensitivity of the nanocrystalline 316L stainless 
steel and they found that there is a significant decrease of the SRS 
exponent for the NC 316L stainless steel with the average grain size of 5 
nm [51]. And the increase of the SRS exponent value has been observed 
in the FCC metals such as copper [54–56], Ni [57] and Au [58], while 
the reduction of the SRS exponent value is reported in the BCC metals 
such as Fe [59–61], Ta [62], and V [63]. For the high/medium entropy 
alloys, the lattice distortion could make the materials posse different 
deformation mechanism at nanoscale. Equation (4) describes the flow 
stress of the MEA during the plastic deformation. The mechanical 
strength of the MEA includes the Hall-Petch effect, solution strength-
ening and strain hardening as formulated in equation (4). 

σ
(
ε̇, εp, d, T

)
= σHP(d)+ σss(T, ε̇) + σf

(
T, εp, d

)
(4)  

where, ε̇ is the strain rate, εp denotes the plastic strain, d is the grain size 
of the materials and T is the working temperature. σHP is the Hall-Petch 
strength; σss is solution strength and σf is flow stress. In this study, the 
MEA is deformed at room temperature and we are only focusing on the 
yield strength of the MEA. Hence, equation (4) can be simplified into 
equations (5) and (6). 

σ
(
ε̇, εp, d

)

at RT = σHP(d)+ σss(ε̇) + σf
(
εp, d

)
(5)  

σY(ε̇, d)at RT = σHP(d) + σss(ε̇) (6)  

where, σY is the yield strength of the MEA. In equation (8), σHP is only 
depend on the average grain size d of the MEA, which has been 
formulated in equation (2). Solution strength is the second portion of the 
yield strength of the MEA and it depends only on the strain rate [64]. A 
materials model developed by Varvenne et al. is utilized to describe the 
solution strengthening of the MEA [65] as shown in equations (7)–(9). 

σss(T, ε̇)= σy0

[

1 −
(

kT
ΔEb0

ln
ε̇0

ε̇

)2/3]

(7)  

σy0 = 0.051α− 1/3μ(T)
(

1 + ν
1 − ν

)4/3
(
∑

i

ciΔV2
i

b6

)2/3

(8)  

Fig. 7. (a) The load-displacement curves of the strain rate jump nanoindentation tests on the gradient NC FeCoNi MEA at multiple length scales; (b) The nano-
hardness of the gradient NC FeCoNi MEA with respect to the displacement and (c) the strain rate sensitivity of the gradient NC FeCoNi MEA from nanograined 
structure to coarse-grained matrix material. 
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ΔEb0 = 0.274α1/3μ(T)
(

1 + ν
1 − ν

)2/3
(
∑

i

ciΔV2
i

b6

)1/3

(9)  

where α = 1/8 is a coefficient related to the dislocation line tension Γ =

αμb2, μ(T) is the alloy shear modulus at temperature T, υ = υ(T) is the 
Poisson ratio, and all the numerical factors are entirely derived. The 
shear modulus μ and Poisson ratio υ of the as-fabricated FeCoNi MEA at 
room temperature is 60 GPa and 0.35, respectively reported by Wu et al. 
[17]. The Burgers vector b for the FeCoNi MEA at room temperature is 
2.524 [65] and these materials constants is independent of the grain 
structure of the MEA. It can be seen from equations (7)–(9), the solution 
strength can only affect by its inherent materials properties. This gives 
an explanation that the SRS exponent of the MEA at nanoscale is not 
changed. And the SRS exponent can be written as m =

d(lnσy)

d(lnε̇) =
lnσy − lnσy0
lnε̇− lnε̇0

, 
where the σy0 is the yield strength of the MEA deformed with the strain 
rate of ε̇0. The yield strength of the MEA with fixed grain size deformed 
at known strain rate ε̇ can be calculated and predicted by σy =

e

⎛

⎝mln ε̇
ε̇0
+lnσy0

⎞

⎠

. In-depth analysis of the deformation mechanisms of the 
MEA at nanoscale can be conducted in the future for modelling the 
plastic deformation of the heterogeneous gradient nanograined MEA at 
multiple length scales. 

5. Conclusions 

In this study, we propose a two-level gradient heterogenous nano-
grained structure for overcoming strength-ductility trade-off of the 
medium entropy alloy at multiple length scales and demonstrate a novel 
method to realize it by using the ultrasonic assisted cyclic thermal dy-
namic solid-state physical process at ambient temperature. We conduct 
the systematic investigations on the mechanical behaviors of the 
gradient heterogenous nanocrystalline MEA alloy at multiple length 
scales from nano to the micro scale via nanoindentation and micropillar 
compression test. Major conclusions are as follows:  

(a) Gradient heterogenous bulk nanocrystalline FeCoNi MEA can be 
efficiently fabricated by using the proposed ultrasonic assisted 
cyclic thermal dynamic solid-state physical process; The yield 
strength of the as-fabricated heterogenous NC MEA can reach as 
high as 1.48 GPa, which is ~8 times higher than that of the 
coarse-grained matrix materials and the ultimate strength of the 
as-fabricated heterogeneous nanograined MEA is 1.7 GPa with a 
ductility of 45% in compression;  

(b) The gradient NC structure of the as-fabricated FeCoNi MEA has 
been characterized by using the transmission electron micro-
scope. And the elastically homogenous however plastically 
gradient characteristics of this gradient heterogenous NC MEA 
alloy has been identified and quantified by using the nano-
mechanical testing system; This gradient mechanical property 
can increase the mechanical strength of the entire component 
while maintenance reasonable ductility at macroscale;  

(c) High density grain boundaries are attributed to the strengthen 
mechanism of the heterogenous NC MEA and it obeys Hall-Patch 
relationship at nanoscale. We formulate the Hall-Patch equation 
describing the mathematic relationship between the yield 
strength and grain size of the FeCoNi MEA at nanoscale 
successfully;  

(d) There is no significant change of the SRS exponent for the MEA 
with different grain structure and the SRS exponent for the 
FeCoNi MEA with the average grain structure from 60 nm to 
several micrometers is ~0.02, which implies that dislocation- 
mediated deformation mechanism stills dominants at nanoscale 
for the MEA 
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