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Abstract

High entropy alloys, as a novel alloy system, demonstrated excellent mechanical performance. However,
despite its excellent mechanical performance, the strength-ductility trade-off effect still limit its performance.
In recent decades, it has been found that heterogenous or gradient microstructure can efficiently solve the
conflict. Cold spray is a promising method to create heterogenous microstructure with high efficiency and
low cost. In this work, equiatomic FeCoNiCrMn HEA was deposited by cold spray and the microstructure
was systematically investigated by transmission electron microscopy (TEM) and transmission Kikuchi
diffraction (TKD). In cold spray, a gradient microstructure was formed and segregated Ni and Mn in starting
particle were also redistributed. Moreover, twinning in ultra-fine nanograins were detected in the region
close to the impact interface. Compared with severe deformation of other low SFE metals, for FeCoNiCrMn
HEA, twinning in nanograins also highly related to the grain size.

Introduction

In recent years, high entropy alloys (HEA) by taking the concept of multiple principal elements (typically five
or more) have been designed and they exhibit a combination of excellent mechanical properties, superior
wear resistance and corrosion resistance, which makes HEA as a promising engineer material (Ref 1,2).
Among the various HEA alloys, the equiatomic single FCC phase FeCoNiCrMn, also known as Cantor alloy,
has been widely studied (Ref 3-5). In comparison to the conventional metal, Cantor alloy has less trade-
off effect between high strength and ductility and consequently has excellent toughness even under
extreme low temperature condition (Ref 6—10). The outstanding mechanical properties of Cantor alloy are
attributed to its multiple strengthening mechanism (Ref 1). The equiatomic composition cause large
distortion in lattice, which results in outstanding solution strengthening (Ref 1). Furthermore, it has also
been found that during the deformation of Cantor alloy, it demonstrates multiple deformation pathways (Ref
10-14). In addition to dislocation gliding, phase transition and twinning induce plasticity also occur. Latest
research found that crystalline to amorphous transition happened once the Cantor alloy was deformed with
strain rate over 108 s'1(Ref 13).

Because of the excellent performance of FeCoNiCrMn HEA, different techniques have been taken to
fabricate FeCoNiCrMn coating to explore the application of FeCoNiCrMn on surface protection (Ref 15).
Among these techniques, cold spray (CS), a kind of solid-state deposit technique that achieve the deposit
via micron particles bonding through the severe deformation induced by supersonic impact, minimizes the
influence of oxidization and has an excellent deposit efficiency(Ref 16,17). Moreover, recently, CS has
been regarded as a promising additive manufacture technology(Ref 18). In cold spray, the micron size
powder particles will be mixed with heated high-pressure gas and then flow through a de-Laval nozzle.
After that, the particle is accelerated to the speed of supersonic and impact on the substrate or previous
deposited particles. During the supersonic impact, an extreme deformation condition with strain rate over
108 st will occur, which results in severe strain hardening and grain refinement (Ref 16,19,20). As
introduced above, the microstructure evolution of FeCoNiCrMn in the deformation has obvious strain rate
sensitivity. Therefore, the influence of extreme deformation in CS on the microstructure of FeCoNiCrMn
after CS process should be investigated, which is highly related to the bonding mechanism and CS deposit
performance.

However, up to now, there are still lack of studies on this regime. Yin et al. (Ref 21) firstly fabricated
FeCoNiCrMn coatings by using CS methods and the coating exhibited great improvement in hardness.
They attributed the increase of hardness to severe strain hardening and grain refinement during the extreme



deformation in CS process. Nikbakht et al. (Ref 22)conduct detail investigation on the microstructure of
FeCoNiCrMn particle after the impact in CS by using Electron channelling contrast im-aging (ECCI) and
electron backscatter diffraction (EBSD). In addition to the dislocation density increase and grain refinement,
they also found the evidence of nanotwinning and they further inferred that amorphization may occur during
the impact, which may provide extra strain hardening mechanism for CS HEA deposit. But limited by the
capability of ECCI and EBSD, the microstructure information in the region close to the impact interface
where deformation is the severest is impossible to obtain due to the extreme grain refinement and high
crystalline defects. It is also not plausible to conclude occurrence of amorphization due to the occurrence
of nanotwinning. Therefore, more detail investigation should be conducted to get clearer acknowledge on
the microstructure evolution in region close to the impact interface in CS process, which not only help us
understand the bonding mechanism in CS of FeCoNiCrMn HEA, but also can explore the changes on
microstructure once FeCoNiCrMn is deformed with an extreme deformation condition.

Methodology

The cold spray process of FeCoNiCrMn HEA particles was conducted by using an in-house supersonic
spray system available in Trinity College Dublin. Compressed helium was used as the propulsive gas. The
inlet gas pressure and temperature were 3.0 MPa and 300 °C, respectively. The de-Laval nozzle has a
round cross-sectional shape with a divergent length of 180 mm. The throat and outlet diameters are 2 mm
and 6 mm, respectively. By using this system, the HEA particles were sped up/accelerated to the supersonic
velocity and directly impacted onto an Al substrate. The velocity and temperature of the HEA particles upon
impact were estimated ranging from 797 to 1253 m/s, and 180°C to 338 °C based on a robust CFD model
developed for cold spray simulation.

The CrMnFeCoNi powders used in this work were supplied by Vilory Advanced Materials Technology Ltd,
China. The powders had spherical shape and size range from 15 and 53 pm. Fig. 1 shows the morphology
of a CrMnFeCoNi powder and electron backscatter diffraction (EBSD) inverse pole figure (IPF) map
showing the cross-sectional grain structure of a powder. The average grain size of the particles was
approximately 1.37um. Fig. 1b shows the high-angle annular dark-field (HADDF) image and the
corresponding energy dispersive spectroscopy (EDS) mapping of a starting FeCoNiCrMn patrticle. 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.



Fig.1l. 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

In order to investigate the microstructure evolution of the CrMnFeCoNi HEA after ultra-high strain rate
deformation, a TEM foil specimen was prepared by focused ion beam (FIB) from the interfacial region
between adjacent particles where HEA experienced the highest strain rate during deformation. The FIB
operation was performed on Carl Zeiss ULTRA Plus scanning electron microscopy (SEM) equipped with
the FIB device (FEI Scios). The FIB-prepared foil specimen was then studied on FEI Tecnai G2 F20
transmission electron microscopy (TEM) equipped with the EDS detector (Oxford Instruments). The EDS
mapping was conducted on the foil specimen at the interfacial region to reveal the element evolution during
ultra-high strain rate deformation. In addition, the foil specimen was also characterized by transmission
Kikuchi diffraction (TKD) through SEM equipped with EBSD detector (Oxford Instruments) and TKD holder
to obtain inverse pole figure (IPF) map, band contrast image and Kernel average misorientation map (KAM).

Finite element analysis (FEA) was used to estimate the strain, strain rate and temperature at the highly
deformed interparticle interfacial region since the current technologies are unable to experimentally
measure the strain rate and temperature in such an extreme condition, i.e. supersonic impact of micro-
sized particles. The model used in this work was a mature single-particle-impact model which has been
widely used and validated. The model was constructed into 3D representation, and Johnson-cook
constitutive model was used to describe the particle and substrate material properties. The minimum (15
pum) and maximum (53 uym) particle sizes were selected and simulated to cover the entire particle size range.
The corresponding impact velocity and temperature were taken from the CFD calculations. The simulated
deformation parameters were extracted from the same position as the FIB-prepared foil for TEM
characterization.



Results and discussion

Formation of ultra-fine grain structure

Fig.2 shows the BF-TEM and TKD images of a highly deformed region in the vicinity of an interparticle
interface to demonstrate the different grain structures resulting from the extreme deformation during the
supersonic impact of the particle. The interparticle interface is highlighted with red arrows in Fig. 2a. The
TKD images shown in Fig. 2b are taken from the region marked by the dash-line square in Fig. 2a. As
compared to the homogenous grain structure in starting powders (Fig. 1), a gradient grain structure and
significant grain refinement occurred in the selected region. It is seen that the grain structure depended on
the relative location to the interface. Along the impact direction from the interface to the particle interior,
three characteristic zones can be identified based on the grain structures morphology and grain size,
namely, ultrafine-grain zone (UG), lamellar grain zone (LG), and highly deformed grain zone (HDG). The
formation of such diverse grain structures was the consequence of thermal-mechanical variations in these
regions. Before the discussion, the average grain size, simulated strain rate and temperature in the three
characteristic zones were listed in the Table.1. Moreover, because in the deformation work hardening and
thermal softening effect induced by high strain rate and rising of temperature respectively can compete with
each other and decide the stress condition, to have better understand on the thermal-mechanical condition
in three zones, Zener-Holloman parameter that described the comprehensive effect of strain rate and
temperature was calculated and it is expressed as (Ref 23):

Z =&exp(Q/RT)
Here, &is strain rate, T is deformation temperature and Q is deformation energy of the materials. A higher

Z value indicates that the strain rate is high, or temperature is low and work hardening predominates. The
natural logarithms of Z in three characteristic zones were given in the Table.1

Table 1. Summary of the average grain size, strain, simulated strain rate, temperature and InZ in the three
characteristic zones

" Average grain . Strain Simulated strain rate, Simulated
Position . Strain . InZ
size, nm gradient s-1 temperature, K
Staring 1370 0 0 0 293 ~
particle
HDG 619 0.96~1.16 0.16 1.13~0.8x108 1000~1145 70
LSG 156 1.12~1.42 0.33 1.85~1.96x108 1043~1187 64
UG 60.3 1.45~1.86 0.44 3.40~4.18x108 1108~1243 73

In the HDG zone, the strain rate and temperature were the lowest among the three zones, but the plastic
deformation was still large enough to evolve the coarse grains of the starting powders into small grains with
the size of hundreds of nanometres as revealed by the TKD images (Fig. 2b). The TEM image in Fig. 2c
reveals severely tangled dislocations in small grains and nanotwins in large grains as marked by red arrows,
which suggests high dislocation density and low grain boundary mobility in this zone. The high strain rate
in this region was one of reasons that led to a high dislocation density (Ref 24). Despite the high strain rate,
it should also be noted that the strain gradient in HDG was about 0.16 ym-1 and because the density of
GNDs increases with strain gradient, such high strain gradient can induce a larger amount of geometrically
necessary dislocations (GNDs) (Ref 25). Moreover, it has been found that the GNDs density decreases
with grain size increasing and GNDs density is consequently higher in smaller grains (Ref 25,26). In addition,
for the CrMnFeCoNi HEA, its low stacking fault energy suppressed the occurrence of cross slip of
dislocations, and thus the dislocations could not be dissipated via dynamic recovery. The sluggish effect of
the HEA hindered the movement of dislocations. Moreover, InZ in HDG is higher than that in LG but the
strain rate in HDG is lower. Thus, the higher InZ was the result of lower thermal softening effect due to the
lower temperature in HDG. This thermal-mechanical condition in HDG weakened the mobility of dislocation
and grain boundary, which consequently suppressed further dissipation of dislocations via dynamic



recrystallization in the deformation. All these factors worked together to cause the dislocations continuously
accumulated and severely tangled in small grains.

In the LG zone, the temperature and strain rate were higher than those in the HDG zone. Owing to a higher
strain rate, more dislocations were produced and resulted in a higher dislocation density. Moreover, with
strain increasing, the strain gradient in LG was higher than HDG and thus, more GNDs formed.
Consequently, the dislocation density in LG was higher than that in HDG zone. However, it can be seen
that the InZ is the lowest in three zones, which indicated the predominance of thermal softening effect, and
the mobility of dislocation and grain boundary were improved. With deformation going on, due to the higher
grain boundary migration, as shown in the TKD images (Fig.2b), grains in the LG zone were deformed into
lamellar shape parallel to the interface and some lamellar grains were even deformed into the thickness of
tens of nanometres. With grains getting smaller, GNDs density became higher. Because of the
improvement of dislocation mobility, high-density dislocations got more chances to interact with each other
and form cell structures that can be seen clearly from the TEM image shown in Fig. 2d and are marked by
green arrows. Some of cell structures in thinner grain were separated for lamellar grains when these grains
were deformed into the thickness that was equal to the size of dislocation cells, which made lamellar grains
subdivided into several sections as marked by white circle in Fig.2b. The separated cells further rotated
with increasing strain and finally form nanograins with large angle grain boundaries, for example the grain
marked by white circle in Fig.2d.

In the UG zone, the strain, strain rate and temperature simultaneously reached their maximum value,
Therefore, the grain structure in UG was dramatically different from that in other two zones. As shown in
Fig.2e, equiaxed grains with average size of 60 nm fully covered the UG zone. Most of the nanograins were
free of dislocations, which indicated that these grains were produced by a complete DRX process (Ref 27).
Although deformation temperature was extremely high in the UG zone, InZ instantly increased to higher
value which indicates strain hardening effect overwhelmed thermal softening effect. With the assistance of
highest strain rate and strain gradient, the dislocations density in the UG can be the highest in three zones
at the early stage of the deformation and smallest cell structures were consequently formed previous to the
DRX process. The ultra-fine cell structures then rotated with the deformation process or directly bulged out
of grain boundaries, finally resulting in the formation of ultra-fine DRX nanograin (Ref 28,29).
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Fig. 2. Characterization of the highly deformed region of FeCoNiCrMn after extreme deformation. (a) BF-
TEM image showing the overall microstructure, the characteristic regions and magnified microstructures
(Fig. 2ai and Fig. 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 (Fig. 2a). The interparticle interface
was marked by red and yellow dash lines in the IPF map and KAM maps respectively

Formation of twins

In addition to the grain structure refinement, as shown in BF-TEM images in Fig.2c and Fig.2d, which were
respectively taken from the HDG zones and boundary between the HDG and LSG zones, nanotwins
(marked by red arrows) were also formed in the refined grain structure. Previous research found that in the
normal deformation (room temperature and low strain rate), the twinning cannot be detected if the average
grain size is smaller than 500 nm (Ref 30). By applying a more severe plastic deformation condition like
split Hopkinson pressure bar, nanotwins can be found in the grains with size of ~100 nm, but its density
was quite low (Ref 6). Herein, the average grain size in the HDG and the LSG orderly decreased from 619
nm to 156 nm, but the twinning was still detectable/apparent and had a high density, which indicated that
an ultra-high strain rate deformation in CS process expanded the regime of deformation twinning to smaller
grains regime despite the reduction of flow stress caused by thermal softening effect. With distance getting
close to the impact interface, the deformation became severer, and the average grain size was gradually
refined towards less than 100 nm. As shown in Fig 2e, due to a more complete DRX process, there were
no clear dislocation structures that could be found in HDG and LG. Furthermore, although in this region the
strain and strain rate were higher than that in the HDG and LG zones, twinning was not detectable anymore.
Although, for FeCoNiCrMn HEA, twinning has been robustly proved as an essential deformation
mechanism due to its low stacking fault energy, the occurrence of deformation twinning becomes tougher



with grain size decreasing, which is also known as the grain effect on twinning (Ref 31,32). Herein, the
gradual disappearance of twinning indicated that this grain size effect on twinning also happened in the
deformation of FeCoNiCrMn HEA. And it is plausible to infer that it is the grain size effect that prohibit the
occurrence of twinning in LG zone. However, as shown in Fig.3, itis interesting to find that when the position
came to the impact interface where the strain rate and temperature were both maximum, grains were further
refined to smaller than 50 nm, and nanotwins appeared again (marked by red arrows). The maximum strain
rate in this region was sufficiently high to overcome the hindrance of grain size effect and induce the
occurrence of twinning.

Fig. 3. BF-TEM image showing some twins in nanograins in the EUG zone. Nanograins were highlighted
with red arrows.

In spite of the occurrence of twinning in ultra-fine nanograins, on the contrary to previous experiments and
molecular dynamic modelling investigation, in which amorphization and FCC to HCP phase transition have
been found after ultra-high strain rate deformation, in this work, both in TKD and TEM characterization
results, there was no direct evidence to prove the occurrence of amorphization and FCC to HCP phase
transition. It is noted that the majority of previous research were conducted at room temperature or low
temperature. Therefore, the influence of temperature was minimized. Here, because of the rapid
temperature increasing caused by the heat generation in the severe plastic deformation, atoms were
thermally activated. Therefore, more crystalline defects were activated and the migration of crystalline
interface became easier, which resulted in the occurrence of DRX. During the DRX process, a lot of
deformation energy was dissipated. Moreover, nanograins formed after DRX process in ultra-high strain
rate deformation could induce grain boundary mediated deformation, which further consume a part of
deformation energy. As the consequence of that, the remained deformation energy was not enough to
trigger the amorphous and phase transition.

Segregated elements redistribution

Fig. 4a and 4b demonstrate the BF-TEM images and the corresponding EDS maps taken from the region
I (in the boundary between HDG and LG region) and region E (in the UG region) marked by red dash-lines
in Fig. 2a. By comparing the undeformed starting powder with the highly deformed region, one can notice
that the Mn-Ni segregation evolved from network style (Fig. 1b) into ribbon-like concentrated style (Fig. 4a
and 4b). 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 separated by thicker grains. In addition, the thickness of
Mn-Ni-enriched ribbons is thinner than that in the starting particle. However, it is interesting 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 Fig. 4b. This phenomenon indicated the outstanding redistribution of segregated elements
and the occurrence of long-distance atomic diffusion. But it should be noted that the deformation process
here was finished within 30~60 ns that was too short for atoms to achieve a long-distance diffusion only by



bulk diffusion. Moreover, one can also find that nanoscale Mn-rich precipitation with other element depleted
appears in the triple joint of laminar grains as marked by the white circles in Fig. 4a, which is also detected
in the UG zone but has smaller size. Precipitation and decomposition phenomenon after long-time
annealing of deformed FeCoNiCrMn has been widely reported and investigated (Ref 14,33,34). Therefore,
the mechanism of segregated Mn-Ni redistribution and the formation of Mn-rich precipitation observed in
this study must be different from previous reports, and these will be discussed in the following text.
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Fig. 4. EDS maps showing the element distribution of the regions selected from Fig. 2a. (a) EDS map for
region I, and (b) EDS map for region II. 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 Fig. 3a. 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.

In the rapid solidification process, dendrite as shown in Fig.1a was easy to form. Mn and Ni concentrated
in the interdendrite due to their low melting temperature(Ref 3,35—38). Moreover, the segregation of low
melting Mn and Ni 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
where Mn and Ni were concentrated (Ref 39,40). Therefore, the Mn-Ni segregated cell structure as shown
in Fig.1b is the cross-section of dendrite in Fig.1la and can be treated as subgrains due to its low angle
grain boundaries.

Fig.5 shows the schematic to explain the element redistribution process during the extreme deformation.
At the beginning, Mn and Ni were segregated in the interdendrite and subgrain boundaries were formed in
the starting powders (Fig. 5a). During the impact-induced extreme deformation, subgrains with Mn-Ni
concentrated LAGB evolved into high angle grain boundaries (HAGB) via continuous rotation, and the
average grain size decreased. Due to the grain refinement in the deformation, grain boundary area
considerably increased. It has been found that Mn had the highest diffusion rate among the five principal
elements in FeCoNiCrMn and the sluggish diffusion of Ni vanished when Ni atoms diffused along the grain
boundary (Ref 41-43). Therefore, long distance atomic migration was prone to occur for Mn and Ni in
FeCoNiCrMn. The large area of grain boundaries provided a large number of shortcuts for the diffusion of
Ni and Mn. Thus, the segregated Ni and Mn diffused along newly formed grain boundaries (Fig. 5b-f). Since
this process was accompanied by grain structure evolution in the extreme deformation, 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 concentration
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 boundaries into the grain interior (Fig. 5e-f). Meanwhile,
the deformation-induced high temperature intensified the atomic vibration and production of vacancies,
which cut down the energy barrier for atomic diffusion. These factors worked together to promote the Ni
and Mn diffusing from the grain boundaries into the grains.

For the equiaxed nanograins in the UG region, the grains were heavily refined to less than 100 nm and
grain boundary area was much higher than in the other regions. The temperature was the highest among
three regions as well. Thus, the segregated Ni and Mn can instantly diffuse along the grain boundaries and
quickly diffuse into the grain interior as shown in Fig.5e, which finally results in a homogenous compositional
distribution. In the other regions, the grain size was larger, and consequently the concentration gradient of
the segregated elements was lower, which led to a lower diffusion driving 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 to the equiaxed nanograin region in the UG region, the other regions had higher
dislocation density. It is interesting to noted that the lamellar grain circled on the right side of the BF images
in Fig.4a has higher dislocation density than that in the neighbour grain structure on the left side and the
thick Mn ribbon was located in the grains with higher dislocation density (larger TEM image can be found
in Supplementary Document), which indicated the redistribution is related to the dislocation density. It is
known that dislocations can act as tunnels for atomic diffusion since they could reduce the energy barrier
for diffusion by dissipating their stored strain energy (Ref 44). In this case, the role of dislocation density in
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 material, dislocation density near the grain boundary is higher than that
in the grain interior (Ref 45). Herein, high strain rate induces a high dislocation multiplication rate and the
ultra-high strain gradient resulted in the formation of GNDS, which consequently 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 inner part of the grain, which partially compensated 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 thinner
grains was also higher, which led to higher diffusion driving force. Consequently, as described in Fig. 5e,
segregated elements were prone to diffuse into thinner grains. Finally, the microstructure that has two



thinner ribbon-like Mn and Ni enriched grains separated by a thicker grain having less outstanding element
enrichment was formed (Fig. 4).

As for the Mn-rich precipitation observed in the triple joint of grains (Fig. 4a), it can be seen in Fig. 1b that
the concentration of segregated elements in the cell boundaries was inhomogeneous. Atomic diffusion rate
in grain boundaries could be influenced by grain boundaries area and misorientations (Ref 46). Therefore,
during the grain structure evolution, the concentration of segregated 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 nucleation. In the triple joint
of grains, heterogeneous nucleation was more prone to occur (Ref 33,47). Consequently, Mn-rich
precipitation was mainly detected in the triple joint of grains as shown in Fig. 4a.
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Fig. 4. Schematic showing the redistribution process of the Mn and Ni elements during extreme deformation.
(a) Mn and Ni are initially 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.

Conclusion

In this work, FeCoNiCrMn HEA was deposited by cold spray techniques. High resolution characterization
technology TKD and TEM was taken to investigate the microstructure evolution in the region close to the
impact interface.

1. Due to ultra-high strain rate and extreme large strain gradient, a gradient grain structure with
average grain size range from 60nm to over 600nm was formed. Ultra-fine grain with size smaller
than 50nm was also formed in the vicinity of impact interface was detected.

2. Nanotwinning occurred in the cold spray process and the occurrence of twinning demonstrated
obvious grain size effect. The propensity of twinning gradually decreased from the inner part of
particle to the impact interface with grain size decreasing and twinning disappear when the grain



size was smaller than 100nm. However, due to maximum strain rate in impact interface, the
deformation here was extreme enough to trigger the twinning process and resulted the occurrence
of twinning.

Because of higher deformation temperature, DRX was easy to happen, which dissipated a majority
of deformation energy. Thus, the rest of energy was too low to induce further FCC to HCP phase
transition and amorphization.

The segregated Mn and Ni in starting particle could rapidly redistribute with the microstructure
evolution during deformation in the impact process. The high density of dislocation induced by high
strain rate and severe increase of grain boundary resulted from DRX provided extra pathways for
the diffusion of segregated Mn and Ni.
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