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ABSTRACT

The microstructure and composition evolution of FeCoNiCrMn high entropy alloy during extreme
deformation with a strain rate of 108-10° s~" induced by cold spray technology was investigated. In
the region experiencing extremely large strain and high strain rate deformation, ultrafine nanograins
with an average size of smaller than 100 nm were formed due to the occurrence of dynamic recrys-
tallization. Additionally, the rapid redistribution of segregated Mn and Ni elements in extremely
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deformed FeCoNiCrMn was found for the first time. The reason for this phenomenon is the increased
grain boundary area and dislocation density caused by extreme plastic deformation.

IMPACT STATEMENT

The redistribution of Mn and Ni elements was found in extremely deformed FeCoNiCrMn. This find-
ing enriches our knowledge on the microstructure evolution mechanism of high entropy alloys

under extreme deformation.

Introduction

When conventional metals or alloys are subjected to
strong thermo-mechanically coupled effects in severe
plastic deformation (SPD), the large strain and high
strain rate normally result in the occurrence of unique
microstructural evolution. For example, high strain rate
is able to result in the refinement of coarse grains
into nanosized grains, or the formation of amorphous
phases [1-5]. Also, the extreme thermo-mechanical his-
tory during SPD can lead to atomic diffusion and hence
the formation of intermetallic [6-9]. In recent years, high
entropy alloys (HEAs) consisting of multi-principal ele-
ments with equiatomic or near-equiatomic concentration
have been attracting great attentions due to their excel-
lent mechanical and unique functional properties [10].

Among all HEAs, FeCoNiCrMn with single FCC phase
is one of the most investigated alloys due to its outstand-
ing strength, ductility, and fracture toughness [11]. The
SPD of FeCoNiCrMn HEA has been studied in recent
years, and it has been revealed that SPD significantly
influences the microstructure evolution of FeCoNiCrMn
such as the occurrence of grain refinement [12-14], the
phase transformation from FCC to HCP, and amorphiza-
tion in solid state [15]. However, the maximum strain
rate that has been applied so far to induce the SPD of
HEAs was approximately 10° s~! [15]. What happens to
the microstructure and elemental composition at higher
strain rates is still not understood. Such a research gap
limits our understanding of the deformation mechanisms
of novel HEAs. Therefore, the main objective of the
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current paper is to reveal the microstructure and local
composition changes of FeCoNiCrMn under the extreme
deformation at ultra-high strain rates of 108-10% s71.
For achieving the extremely high strain rate deformation,
a so-called cold spray technology was applied to inject
micro-sized FeCoNiCrMn particles onto a substrate at
super-high speeds. The impact-induced adiabatic plastic
deformation has an extremely high strain rate of approx-
imately 103-10° s~ [16].

Materials and methods

An in-house cold spray system available in Trinity
College Dublin was used to consolidate FeCoNiCrMn
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particles into a bulk sample. A detailed description of
this process is provided in the Supplementary Docu-
ment. The FeCoNiCrMn powder used in this work was
supplied by Vilory Advanced Materials Technology Ltd,
China. The powder had a spherical shape and a size
range from 15 and 53 pum. Figure 1(a) shows the mor-
phology of the FeCoNiCrMn powder taken by scanning
electron microscope (SEM, Carl Zeiss Ultra Plus, Ger-
many) where dendrite structures were clearly seen on
the surface, and the grain structure at the cross-section
of a powder particle characterized by electron backscat-
ter diffraction (EBSD) inverse pole figure (IPF). The IPF
also indicated that the powder had an average grain
size of approximately 1.37um. The slight change of the

Figure 1. Characterization of the FeCoNiCrMn powder used in this work. (a) Surface morphology and EBSD IPF map showing the cross-
sectional grain structure of a particle, and (b) HADDF and EDS mapping of a starting powder cross-section showing segregated elements

in the boundaries of cell structures [17].
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color in the grains and the high fraction of low angle
misorientation as shown Fig. S2 indicated the existence
of subgrains in grains. Figure 1(b) shows the high-angle
annular dark-field (HADDF) image and the correspond-
ing energy dispersive spectroscopy (EDS) mapping of a
starting FeCoNiCrMn particle [17]. As can be seen, the
five principal elements were homogeneously distributed
in most regions, while Mn and Ni were segregated in the
boundaries of cell structures.

In order to characterize the grain structure and ele-
ment distribution of the highly deformed FeCoNiCrMn
after cold spraying, a transmission electronic microscopy
(TEM) foil was prepared by focused ion beam (FIB).
The foil was taken from the interfacial region between
the adjacent HEA particles where the particles experi-
enced the highest strain rate during the impact-induced
deformation [18]. The FIB-prepared foil specimen was
then characterized by FEI Tecnai G2 F20 transmission
electron microscopy (TEM) and transmission Kikuchi
diffraction (TKD) through SEM equipped with EBSD
detector (Oxford Instruments). The element distribu-
tion was studied by using energy dispersive spectroscopy
(EDS) mapping in scanning transmission electron micro-
scope (STEM) equipped with the EDS detector (Oxford
Instruments).

Results and discussion

Figure 2 shows the BF-TEM images and TKD testing
results including IPF and Kernel average misorientation
(KAM) images. It can be seen that significant grain refine-
ment occurred at the interparticle interfaces, which is
the consequence of dynamic recrystallization. Because
the particle impact velocity was extremely high, the time
period of deformation was too short to induce long
distance grain boundary migration. In this case, dis-
continuous dynamic recrystallization (DDRX) that relies
on grain boundary migration could not be the refine-
ment mechanism. Continuous dynamic recrystallization
(CDRX) which is represented by the continuous increase
of boundary misorientation via rotation of subgrains or
dislocation cell structures is thus sensible to be consid-
ered as the dominant mechanism for the grain refine-
ment [1,19-22].

From the TKD results shown in Figure 2(b), three
characteristic regions can be identified, namely, highly
deformed grain (HDG) region, laminar grain (LG)
region, and ultrafine grain (UG) region. The strain, strain
rate and temperature in these three regions were esti-
mated through finite element analysis (FEA) and the
results are demonstrated in Table 1. The detailed descrip-
tion of the FEA model is provided in the Supplementary
Document. It can be seen that the strain, strain rate and

temperature increased as the distance getting closer to
the interparticle interface because the plastic deforma-
tion became larger and larger along the direction from
the particle interior to the interface. This is a typical
microstructural feature of highly deformed cold sprayed
particles [23].

In order to further study the various microstructures
in the three regions, a more detailed analysis is pro-
vided herein. In the HDG region, the DRX grains had
an average size of 619 nm. The size of these grains was
much smaller than that in the starting powder particles
(i.e. 1.37 um), which indicates the occurrence of CDRX
in the HDG region. However, due to the lowest defor-
mation condition among the three regions, the newly
formed DRX grains could not be refined too much. In
the LG region, strain and strain rate increased as com-
pared to in the HDG region. Therefore, the finer DRX
grains could be further deformed and refined into lam-
inar shape with an average diagonal size of 156 nm. At
the same time, it is also noticed that smaller substruc-
tures including dislocation cells (marked by teal arrows
in Figure 2(ai, aii)) and nanotwins (marked by the red
square in Figure 2(aii)) were formed in laminar grains. In
the near-interface UG region where plastic deformation
was the largest in the three regions, strain, strain rate and
temperature were the highest as listed in Table 1. Under
this condition, more dislocations could be generated dur-
ing deformation, which then evolved into substructures
including dislocation cell and twins [24-26]. These sub-
structures rotated or bulged out of the grain, forming
ultra-fine nanoscale CDRX grains. As measured from the
TEM images provided in the Supplementary Document,
the smallest grain size in the UG region was ~ 15 nm.

Moreover, in the UG region, the dislocation density
was low due to the dissipation of dislocations through
DRX. This could be confirmed by the low local misorien-
tation as shown in the KAM image (Figure 2(b)). In the
LG and HDG regions, the plastic deformation and DRX
were less prominent, and hence local misorientation was
higher than that in the UG region, which indicates higher
dislocation density. In addition, from Figure 2(b), it is
also found that the grains having higher dislocation den-
sity were mostly small and thin grains as marked by red
arrows in the LG and HDG regions. This is attributed to
the high density of geometrically necessary dislocations
(GNDs) which resulted from large strain gradient [27].
Note that the estimated strain gradient by FEA in the
three regions was 0.16~0.44 um™!, which was large
enough to induce high density of GNDs [28-30]. Espe-
cially, for smaller grains, the density of GNDs was nor-
mally higher than that in larger grains and this is why
higher dislocation density was only found in thinner and
smaller [27,31,32].
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Figure 2. Characterization of the highly deformed region of the FeCoNiCrMn after extreme deformation. (a) BF-TEM image showing the
overall microstructure, the characteristic regions, and magnified microstructures (Figure 2ai and Figure 2aii) (b) TKD map showing the
three characteristic regions. The TKD image was taken from the selected zone marked as white square in the BF-TEM image (Figure 2a).
The interparticle interface was marked by red and yellow dash lines in the IPF map and KAM maps respectively.

Figure 3(a,b) demonstrates the BF-TEM images and
the corresponding EDS maps taken from the region I
(in the boundary between the HDG and the LG region)
and region II (in the UG region) marked by red dash-
lines in Figure 2(a). By comparing the undeformed start-
ing powder with the highly deformed region, one can
notice that the Mn-Ni segregation evolved from network

style (Figure 1(b)) into ribbon-like concentrated style
(Figure 3(a,b)). These Mn-Ni-enriched ribbons mainly
concentrated in the laminar grains as indicated by the red
dash lines in the BF-TEM images, and they were sepa-
rated by thicker grains. In addition, the Mn-Ni-enriched
ribbons was thinner than the Mn-Ni segregation cell
walls in the starting particle. However, it is interesting
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Table 1. Average grain size and calculated strain, strain rate and
temperature in the starting powder and the three characteristic
regions.

Average

grain size, Strain rate, Temperature,
Position nm Strain 571 K
Staring 1370 0 0 293

particle

HDG 619 0.96-1.16  1.13-0.8 x 108 1000-1145
LG 156 1.12-142  1.85-1.96 x 108 1043-1187
UG 60.3 145-1.86  3.40-4.18 x 108 1108-1243

to note that the Mn-Ni-enriched ribbons could not be
found in the equiaxed nanograins of the UG region as
marked by two green lines in Figure 3(b). This phe-
nomenon indicated the outstanding redistribution of
segregated elements and the occurrence of long-distance
atomic diffusion. But it should be noted that the defor-
mation process here was finished within 30-60 ns that
was too short for atoms to achieve a long-distance diffu-
sion only by bulk diffusion. Moreover, one can also find
that nanoscale Mn-rich precipitation with other element
depleted appeared in the triple joint of laminar grains as
marked by the white circles in Figure 3(a). Precipitation
and decomposition phenomenon after long-time anneal-
ing of deformed FeCoNiCrMn has been widely reported
and investigated [12,14,33]. Therefore, the mechanism of
segregated Mn-Ni redistribution and the formation of
Mn-rich precipitation observed in this study must be dif-
ferent from previous reports, and these will be discussed
in the following text.

During the rapid solidification in the gas-atomisation
process, dendrites as shown in Figure 1(a) were formed,
and Mn and Ni concentrated in the interdendrite due
to their low melting temperature [34-38]. Moreover,
the segregation of low melting elements induced large
shrinkage stress and caused the twisting or rotation of
dendrite, which consequently resulted in the formation of
low angle grain boundaries (LAGB) in the interdendrite
of the starting powder where Mn and Ni were also con-
centrated [39,40]. Therefore, the Mn-Ni segregated cell
structures in the starting powder as shown in Figure 1(b)
was actually the cross-sections of dendrite in Figure 1(a).
These cell structures were separated by low angle grain
boundary, and hence they could be considered as sub-
grains. These Mn-Ni segregated subgrains then partic-
ipated in CDRX and influenced the compositional redis-
tribution. Additionally, it has been found that Mn had
the highest diffusion rate among the five principal ele-
ments in FeCoNiCrMn and the sluggish diffusion of Ni
vanished when Ni atoms diffused along the grain bound-
ary [17,28,41]. Therefore, long distance atomic migration
was prone to occur for Mn and Ni in FeCoNiCrMn.

Figure 4 shows the schematic to explain the element
redistribution process during the extreme deformation.
Originally, Mn and Ni were segregated in the inter-
dendrite, and subgrain boundaries were formed in the
starting powders (Figure 4(a)). During the deformation,
the subgrains with LAGB evolved into high angle grain
boundaries (HAGB) via continuous rotation, and the
average grain size decreased. Due to the grain refine-
ment, the grain boundary area considerably increased.
The large area of grain boundaries provided a large num-
ber of shortcuts for the diffusion of Ni and Mn. Thus,
the segregated Ni and Mn diffused along newly formed
grain boundaries (Figure 4(b-f)). Since this process was
accompanied by grain structure evolution in the defor-
mation, segregated elements can wildly disperse in the
newly formed grain boundary network within tens of
nanoseconds.

At the same time, the segregated Mn and Ni in the
grain boundaries also created an elemental concentra-
tion gradient decreasing from the grain boundary to the
inner part of the grain, which provided a driving force
for the segregated elements to diffuse from grain bound-
aries into the grain interior (Figure 4(e-f)). Meanwhile,
the deformation-induced high temperature intensified
the atomic vibration and production of vacancies, which
reduced the energy barrier for atomic diffusion. These
factors worked together to promote the Ni and Mn dif-
fusing from the grain boundaries into the grains.

For the equiaxed nanograins in the UG region, grains
were heavily refined to less than 100 nm and grain bound-
ary area was much higher than in the other regions. The
temperature was the highest among the three regions as
well. Thus, the segregated Ni and Mn could instantly dif-
fuse along the grain boundaries and quickly diffused into
the grain interior as shown in Figure 4(e), which finally
resulted in a homogenous compositional distribution. In
the other regions, the grain size was larger, and con-
sequently the concentration gradient of the segregated
elements was lower, which led to a lower diffusion driv-
ing force. Meanwhile, the temperature in these regions
was lower as addressed in Table 1, which weakened the
atomic migration. Therefore, the inward diffusion from
the grain boundary to the grain interior was suppressed.

However, as compared with the equiaxed nanograin
region in the UG region, the other regions had higher
dislocation density. It is interesting to note that the lamel-
lar grain as marked by the white circle on the right side
of the BF images in Figure 3(a) had higher dislocation
density than that in the neighbor grain structure on the
left side and the thick Mn ribbon was located in the
grains with higher dislocation density as shown in Fig.S5,
which indicated the dependency of redistribution to dis-
location density. It is known that dislocations can act as
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(b)

Figure 3. EDS maps showing the element distribution of the regions selected from Figure 2(a). (a) EDS map for region &E3, and (b) EDS
map for region Il. Dark-filed (DF) TEM showing the Mn precipitate at the triple joint of laminar grains was provided in the top-right corner
of the BF-TEM image in Figure 3(a). The grain structures having segregated Ni and Mn were marked by red lines in the BF-TEM images.
Mn precipitates were marked by white circle.
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Figure 4. Schematic showing the redistribution process of the Mn and Ni elements during extreme deformation. (a) Mn and Ni are ini-
tially segregated in interdendrite and subgrains are formed; (b) with deformation going on, low angle grain boundary subgrains become
high angle grain boundaries; (c) newly formed grains are deformed into laminar shape; (d) When the deformation becomes severest,
large amounts of substructures are formed and transferred into equiaxed nanograins. At the same time segregated Ni and Mn diffusion
along the grain boundary and create concentration gradient between the grain boundary and interior; (e) in the laminar grains, atoms
diffuse into thinner grain; (f) in equiaxed DRX grain, segregated elements uniformly diffuse into nanograins.

tunnels for atomic diffusion since they could reduce the
energy barrier for diffusion by dissipating their stored
strain energy [42]. In this case, the role of dislocation den-
sity in the diffusion became apparent in the LG, HDG and
the rest of the UG regions. Furthermore, it is known that,
for a single grain in polycrystalline materials, dislocation
density near the grain boundary is higher than that in the
grain interior [43]. Herein, high strain rate induced a high
dislocation multiplication rate and the ultra-high strain
gradient resulted in the formation of GNDs, which con-
sequently promoted the dislocation accumulation. The
highly accumulated dislocations in the grain boundary
provided extra pathways for segregated Mn and Ni atoms
to diffuse into the grain interior, which partially com-
pensated for the negative effect of lower temperature and
the reduction of diffusion driving force due to increased
grain size. For a thinner grain, it had higher dislocation
density than larger grain due to their small volume and
higher GNDs density. Moreover, compared with coarser
grains, the concentration gradient of Mn and Ni in thin-
ner grains was also higher, which led to higher diffusion
driving force. Consequently, as described in Figure 4(e),
segregated elements were prone to diffuse into thin-
ner grains. Finally, two thinner ribbon-like Mn and Ni
enriched grains which were separated by a thicker grain
without outstanding element enrichment was formed
(Figure 3).

As for the Mn-rich precipitation observed in the triple
joint of grains (Figure 3(a)), it can be seen in Figure 1(b)
that the concentration of segregated elements in the cell
boundaries was inhomogeneous. Atomic diffusion rate in
grain boundaries could be influenced by grain bound-
aries area and misorientations [44]. Therefore, during
the grain structure evolution, the concentration of seg-
regated elements could not redistribute homogeneously
in the grain boundary network. In certain positions, the
concentration of segregated elements may be sufficiently
high to trigger precipitation nucleation. Because this
process occurred in grain boundaries, the formation of
precipitation was promoted due to heterogeneous nucle-
ation. In the triple joint of grains, heterogeneous nucle-
ation was more prone to occur [33,45]. Consequently,
Mn-rich precipitation was mainly detected in the triple
joint of grains as shown in Figure 3(a).

Conclusions

In summary, a systematic investigation was conducted
to study the microstructure evolution and composi-
tion redistribution of FeCoNiCrMn HEA under extreme
deformation at ultra-high strain rate of 10%-10° s~!
in this paper. The results found in this work showed
some interesting phenomena with regard to high entropy
alloys. It is found that the coarse micro-sized grains were



significantly refined into nano-sized grains after extreme
deformation due to the occurrence of DRX. Different
extents of plastic deformation led to refined grains with
different sizes. At the region experiencing extremely large
strain and high strain deformation, ultrafine nanograins
with average size of smaller than 100 nm were achieved.
In addition, for the first time, the deformation-induced
rapid redistribution of Mn and Ni elements were revealed
in FeCoNiCrMn HEA. The reason for this phenomenon
is the consequence of microstructural change, i.e. the
increase of grain boundary area and dislocation density,
due to extreme plastic deformation.
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