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Abstract The rapid development of cold spraying tech-
nology for additive manufacturing of engineering compo-
nents has made it a viable option for developing thick
deposits from high-entropy alloys (HEAs). The
microstructure of cold-sprayed CoCrFeNiMn deposit was
investigated in this study using electron backscattered
diffraction, scanning electron microscopy, and finite ele-
ment analysis (FEA). The limited studies on the impact
deformation behavior of the HEA during cold spraying,
limiting our understanding of impact phenomena, and
interactions between the HEA particles under ultra-high
strain rate deformation motivated this study. From the
microstructural characterization, heterogeneous
microstructure appears to be formed in the cold-sprayed
HEA deposit, comprising of equiaxed ultrafine grains at the
particle—particle interfacial regions and coarse grains at the
particle interiors. The FEA reveals large strain (> 250%)
and temperature (> 90% of the alloy solidus temperature),
mainly at the splat’s interfaces. Adiabatic shear instability
and rotational dynamic recrystallization resulting from heat
accumulation and high strain are believed to be responsible
for these observations during the ultra-high strain rate
deformation of the HEA. The large deformation and grain
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refinement experienced by the HEA resulted in greater
deposit hardness when compared with the sprayed powder,
with the nanohardness increasing from 1.16 GPa in the
powder to 5.14 GPa in the deposit. This study explores and
provides an understanding of the deformation behavior of
the HEA and the resulting microstructure during cold

spraying.
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Introduction

In recent years, targeted attention has been raised to
developing zero-carbon emission systems, such as in
aerospace, automotive, and nuclear systems. The devel-
opment of these systems calls for the development of high-
performance alloys with exceptional mechanical proper-
ties, such as a good combination of high strength and
ductility, excellent fracture toughness, and resistance to
hydrogen embrittlement. High-entropy alloys (HEAs), a
new class of metallic alloys first introduced in 2004 (Ref
1, 2) with good mechanical properties (Ref 3), provide an
excellent opportunity to develop high-performance alloys
that would meet the requirement for developing clean-en-
ergy systems. The underlying mechanism behind HEAs is
that the presence of multiple elements near equal-atomic
proportions would increase the entropy of mixing to a
sufficient amount able to overcome the enthalpy of mixing,
resulting in the formation of solid solutions and simple
crystal structures (Ref 2). As a representative HEA, the
CoCrFeNiMn, which forms a solid solution with a single-
phase FCC crystal structure, has been the first and most
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studied HEA. The attractive properties of this HEA are its
excellent strength and ductility combination (Ref 4, 5),
exceptional fracture toughness at cryogenic and room
temperatures (Ref 6) and resistance to hydrogen embrit-
tlement (Ref 7). These properties have motivated several
researchers to improve the strength of the HEA for prac-
tical applications by tuning its microstructures via various
processes (Ref 8).

Over the past decades, the thermomechanical treatment
of the CoCrFeNiMn HEA, including severe plastic defor-
mation (SPD) followed by annealing at intermediate tem-
peratures, has been demonstrated to result in improved
strength (Ref 8); however, some studies have demonstrated
the detrimental effect of brittle phase formation on the
ductility of the HEA heat-treated at intermediate temper-
atures (Ref 9, 10). High-pressure torsion (HPT) (Ref 11)
and equal-channel angular pressing (ECAP) (Ref 12) are
examples of technologies for imposing SPD of the HEA to
achieve substantial grain refinement from sub-micrometer
to nano-meter scale. Ultrafine grains produced via these
SPD processes can, however, result in limited ductility of
the component.

One way to achieve an excellent combination of high
strength and ductility of this HEA is by forming hetero-
geneous microstructures without requiring subsequent heat
treatment. Cold spray (CS) is a solid-state and ultra-high
strain rate materials deposition technique that can promote
the formation of heterogeneous microstructures (Ref 13-
15). For instance, Singh et al. (Ref 13) and Chen et al. (Ref
14) fabricated a thick Cu deposit with heterogeneous
microstructures with elongated coarse grains at the particle
interiors and ultrafine grains at inter-particle regions. The
deposits exhibited high ductility and strength without the
need for heat treatment, where the ultrafine grains provide
high strength, but the coarse grains could accommodate
many dislocations resulting in decent ductility. However,
there are limited studies on the formation of these
microstructures developed in the HEA, which can result
from the ultra-high strain rate deformation of the alloy
using the CS process (Ref 16-20).

CS technology has recently been recognized as a new
solid-state additive manufacturing (AM) technique for
producing metallic components, called cold spray additive
manufacturing (CSAM). This technique relies on the
kinetic energy of the feedstock powder particles to develop
deposits layer by layer. The feedstock powder particles,
typically about 5-50 pm in diameter, are accelerated in a jet
of compressed gas (N5, He or air) to high velocities ranging
from 300 to 1400 m/s through a de-Laval nozzle (Ref
21, 22). Deposits are then formed through the plastic
deformation of the powder particles at an ultra-high strain
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rate (107-10° s™'), consequently bonding to the substrate
when the particle impact velocity reaches a material-de-
pendent critical velocity. Given these, CSAM offers unique
advantages over other AM techniques where thermal
energy is the primary principle for materials deposition,
such as laser-based AM (Ref 14-17). Also, CSAM, being a
solid-state process, avoids the oxidation and phase changes
of the microstructure of HEA deposits (Ref 16, 17, 20).
CSAM can also provide the capability for the in situ repair
of aerospace components (Ref 23-25) due to its excellent
process economy and flexibility for usage; however, the CS
repair process has not been explored with HEAs.

Furthermore, the time scale and contact nature of the
CSAM process make it difficult to investigate the interac-
tions between particles and substrates during deposition.
Consequently, post-mortem microstructural and micro-an-
alytical examinations using several techniques are per-
formed to investigate the interactions between particles,
impact deformation behavior, and microstructural features
after CS. As a result, finite element analysis (FEA) is
employed to analyze the interactions of particles between
themselves and substrates (Ref 26, 27). Over the past
decades, using different FEA tools has enhanced the
understanding of particle and particle-to-substrate interac-
tions (Ref 27-31) and the resulting microstructure, such as
grain refinement resulting from the large strain, high strain
rates, and temperatures at impact regions during cold
spraying (Ref 15). However, there are limited reports on
the impact deformation behavior of the CoCrFeNiMn HEA
during cold spraying using FEA tools. So far, single-par-
ticle impact deformation modeling has been reported (Ref
32); however, no reports on multi-particle impact defor-
mation modeling of the HEA exist, limiting our under-
standing of the impact deformation behavior of the HEA
during ultra-high strain rate deformation via CS. In addi-
tion, FEA multi-particle deformation model and the
experimental microstructural analysis would provide
insight into the interaction between HEA particles when
developing deposits layer by layer and enabling the man-
ufacturing of HEA components with dense heterogeneous
microstructures via the CSAM process.

The CoCrFeNiMn HEA was deposited in this study
using the cold spraying process. The microstructure evo-
lution from the feedstock powder to the cold-sprayed
deposit of the HEA was performed using SEM, EBSD, and
XRD. During cold spraying, the particle-to-particle and
particle-to-substrate interactions were investigated via
finite element modeling. The mechanical properties of the
deposit were evaluated using micro- and nanohardness
testing.
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Methodology
Materials and Experimental Methods

Nearly equiatomic pre-alloyed spherical gas-atomized
CoCrFeNiMn HEA powder provided by HC Starck Surface
Technology and Ceramic Powders GmbH (Germany) was
the feedstock material used in this study. A laser diffrac-
tometer (LA-960, Horiba Scientific, Japan) with a 650-nm
laser diode was used to obtain the powder particle size
distribution. Before measurement, a small representative of
the powder sample was dispersed in a wet medium and
ultrasonicated to avoid particle agglomeration.

A high-pressure CS system developed at the University
of Nottingham was employed for the deposition of the
HEA powder feedstock, with the spraying parameters
provided in Table 1. The powder carrier gas was set at 0.1
MPa higher than the accelerating gas pressure. The cold
spray nozzle was made of hardened stainless steel,
designed with an area expansion ratio of ~ 9, a throat
diameter of 1.35 mm, and a divergent length of 150 mm.
The cold spray deposition system was stationary, while the
substrates were mounted on a programmable x—y table that
allowed a controllable scan pattern and velocity. The
substrate used for the deposition was a 2-mm-thick auste-
nitic stainless steel AISI304 (SS304) plate (25 x 60 mm)
with a nominal composition of 19.0 wt.% Cr, 9.3 wt.% Ni,
and 0.05 wt.% C, with the remainder being Fe. The sub-
strate was ground with P240 SiC grit paper before spraying
to enhance the adhesion of the deposit during the CSAM.

The feedstock powder and the cold-sprayed cross-sec-
tioned samples were cold-mounded using EpoFin® epoxy
resin (Struers, UK). Powders were ground using P800 to
P4000 SiC grinding papers with final polishing with a 0.04-
pm colloidal silica suspension. The cold-sprayed samples
were ground using P240 to P4000 SiC grinding papers.
Mechanical polishing down to 1 pum using diamond paste

Table 1 Cold spraying process parameters for the deposition of
CoCrFeNiMn HEA

Spraying parameters Values
Accelerating gas He
Gas pressure, MPa 3.3
Gas temperature, °C 400
Nozzle transverse speed, mm/s 100
Increment size, mm 2
Stand-off distance, mm 20
Number of passes 4
Powder feed rate, g/min 42

was performed for porosity evaluation of the cold-sprayed
deposit. For further characterization of the cold-sprayed
deposit, final polishing was done using a vibratory polisher
with a 0.04-um colloidal silica suspension mixed with
7 vol.% of H,0O,. All samples were washed and cleaned
with ethanol between each grinding and polishing step.

The morphology of the feedstock powder particles was
observed using an SEM (XL30, FEI, The Netherlands), and
the chemical composition of the cross-sectioned powder
sample was evaluated using an energy dispersive Xx-ray
(EDX) detector (Oxford Instrument, UK) mounted on the
SEM. The microstructure of the cold-sprayed deposit was
observed using the SEM operated at 15 kV in the
backscattered electron (BSE) mode. The porosity and
thickness of the deposit were quantified by image analysis
using the greyscale thresholding technique in the Imagel
software (NIH, USA). Five BSE SEM images were used to
measure the thickness of the deposit, while ten BSE SEM
images were used to measure the porosity. The images
were captured at x 500 magnification, resulting in a field
of view with an area of 100 x 100 um®. The results are
presented as average values with the standard error.

X-ray diffraction (XRD) was conducted on a DS
Advance Da Vinci x-ray diffractometer (Bruker, Ger-
many), with a wavelength of 0.15406 nm (Cu-K,), in
Bragg—Brentano 0-20 geometry, 20° to 80°, a step of 0.02°
20 and 0.1 s dwell time. The crystal structure identification
of the powder and deposit from the XRD profiles were
completed using the EVA software (DIFFRAC.EVA,
Bruker, Germany) with the ICDD database PDF 2.

To observe the morphology and measure the size of the
grains in the powder, EBSD was performed on a FEG SEM
(7100F, JEOL Ltd., Japan) with a specimen tilt angle of
70°, operated at an accelerating voltage of 15 kV with a
step size of 0.2 um, exposure time of 100 ms, at a working
distance of 16 mm and detector insertion distance of 193
mm. The EBSD of the deposit was performed on a Zeiss™
Auriga Cross Beam SEM (Germany) equipped with a high-
resolution (HR) EBSD detector at an accelerating voltage
of 20 kV, an aperture size of 60 um, a working distance of
18 mm, a detector distance of 10 mm, an exposure time of
15 ms, with a step size of 0.05 um. The EBSD scans of the
powder sample and post-processing data were carried out
using Aztec and AZtecCrystal software (Oxford Instru-
ments, UK). Detailed analysis of the EBSD maps of
deposited samples was performed using the MTEX tool-
box. The geometrically necessary dislocation (GND) den-
sity was estimated following Pantleon’s methodology (Ref
33). The elemental distribution in the feedstock powder
was studied using EDX mapping in the FEG SEM equip-
ped with the X-max 150 EDX detector (Oxford, Instru-
ments, UK).
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The nanohardness of the feedstock powder and deposit
was measured using a NanoTest P3 nano-indenter (Micro
Materials Ltd., UK). Each sample underwent at least ten
measurements on the powder particles and an array
(20 x 20) of 400 indents on the cold -sprayed deposits. A
Berkovich indenter was used to test the nanohardness
measurement, with a 3-mN peak load, 10 s dwell time, and
0.75 mN/s loading/unloading rate. This indentation load
was chosen after carefully selecting the indent size, the
distance between the neighboring indents (7 pm) to
account for the plastic zone or indent impression, and the
distance between indents and the cold spray splats
boundaries to avoid pores when indenting the cold-sprayed
deposit. The nanohardness (H) and reduced modulus (E,)
from the nano-indenter are derived following the Oliver
and Pharr method (Ref 34), determined using Eqs 1 and 2,
where P,, is the maximum applied load (in mN), A is the
projected contact area, and S is the contact stiffness (in PN/
nm). The elastic modulus of the deposit, E., was obtained
using the expression in Eq 3, considering the Poisson ratio,
V; (0.07), and Young’s modulus, E; (1140 GPa), of the
Berkovich indenter diamond tip (Ref 35). The final values
were presented as an average with the standard error.

H =Py (Eq 1)
/S
Vg, = ("= Velg) + (= Vi) (Eq 3)

The microhardness of the deposit was also measured
using a Wilson VH3300 Vickers Microhardness instrument
(Buehler, USA). The deposit sample underwent an array of
280 micro-indents. A 300-gf load was applied on the
deposit, using a dwell time of 15 s. The final value is
presented as an average with the standard error.

Computational Methods

The impact behavior of high-velocity, micro-sized HEA
particles onto the SS304 substrate was modeled using the
Lagrangian approach with the Abaqus/Explicit commercial
code. Two-dimensional (2D) model was used to simulate
the multi-particle deformation behavior of the HEA
material on the substrate. The 2D multi-particle model was
defined as a plane strain model containing 50 particles with
sizes between 10 and 45 pm distributed randomly, as
shown in Fig. 1. This was employed to characterize the
deformation in the deposit’s center cross section. More so,
the number of particles was selected when considering the
smallest region or field of view of the microstructure
observed with the SEM. The substrate was modeled as a
cylinder having a height and radius of 450 um and 800 pm,
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Fig. 1 Abaqus computational domain for the multi-particle impact
model. The figure shows a closer view cut-out at the center of the
domain, showing the meshing of the particles and substrate

respectively. The fixed boundary condition and X-dis-
placement constraint were applied to the bottom of the
substrate and sidewalls. A four-node plane strain thermally
coupled quadrilateral, bilinear displacement and tempera-
ture, reduced integration, and hourglass control elements
(CPE4RT) were used to mesh the model. Following our
previous work (Ref 32), the particles and substrate impact
zone used a mesh size of 0.4 pum. The simulation was run
for 1 ps to capture the whole deformation process.

A surface-to-surface penalty contact algorithm was
specified for all interface regions, with a friction coefficient
of 0.3 assumed for all cases (Ref 36). All model contact
surfaces were constrained to remain in contact during the
impact process. The shape of the particles was assumed to
be perfectly spherical, and impacts were normal to the
substrate surface.

The FEA accounted for strain hardening, strain rate
hardening, thermal softening, and heating due to friction,
plastic, and viscous dissipation. The non-adiabatic condi-
tion considered in previous studies (Ref 30, 37, 38) was
employed in this model; that is, a dynamic temperature
displacement explicit procedure (coupled thermal-me-
chanical analysis) was performed, and it was assumed that
90% of the kinetic energy of the model dissipated into heat,
allowing for heat transfer and stored energy. The thermal
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response of the materials was described by specific heat
capacity and thermal conductivity. The elastic response of
the materials was defined by the elastic modulus and
Poisson’s ratio, while the plastic deformation behavior was
determined using the Johnson—Cook (J-C) plasticity model
(Ref 39). The J-C plasticity model of metallic materials is
mainly applied to transient nonlinear dynamic simulations.
The material is assumed to be isotropic linear-elastic, strain
rate-sensitive, strain-hardenable, and thermally softenable
plastic material (Ref 39, 40). The J-C material model
utilizes the J, yield function, expressing the stresses
according to the von Mises yield criterion. The flow stress
(0) is defined as follows:

o = [A+ Be"|[1 + CIn(¢")][1 — 0™] (Eq 4)

where ¢ is the equivalent plastic strain, and & = é/éo, £1s
the equivalent plastic strain rate, & is the reference plastic
strain rate, A is the yield strength (MPa) at zero-plastic
strain and at room temperature, B is the strain hardening
(MPa), n is the strain hardening exponent, C is the strain
rate constant, and m is the thermal softening exponent.
Also, the temperature effect of the J-C model given in the
last part of Eq. 4 accounts for the thermal softening of the
material at a high strain rate, and 6 is given as,

T - Tref

f=— "
Tmelt - Tref

(Eq 5)
where T is the homologous material temperature, T is the
reference temperature, and T, is the material melting
temperature. The increase in temperature 7 resulting from
adiabatic temperature rise is given by Eq 6, where p is the
material density, § is the inelastic heat fraction taken as
0.9, and C,, is the specific heat capacity of the material. The
selection of the J-C material parameters that best predict
the deformation morphology of a single-particle impact of
the HEA material on various substrates has been reported
in a previous study (Ref 32); thus, the J-C material
parameters used for the HEA particle and SS304 substrate
in this study are provided in Table 2.

€
c/

T =T, — d

ef+pcp0 aag

The particle velocities and temperatures in Fig. 2 were
defined as input parameters to the Abaqus impact model.
They were predicted following the experimental spraying
conditions in Table 1 and the nozzle dimensions using a
simplified 2D axisymmetric computational fluid dynamics
(CFD) model with the commercial code of Fluent (Ansys
Fluent, version 2020). This detail can be found in (Ref 32).
Spherical CoCrFeNiMn particles from 5 to 45 pm, with an
initial temperature of 25 °C were used as powders injected
at the nozzle inlet. The CFD analysis revealed that the

(Eq 6)

Table 2 The HEA and substrate material data and Johnson-Cook
plasticity constants used for this study

Material properties CoCrFeNiMn SS304
Density, p, kg/m’ 7958 8000
Elastic modulus, E, GPa 202 207.8
Poisson ration, v 0.265 0.3

A, MPa 590 280
B, MPa 1365 802.5
n 0.18 0.622
C 0.028 0.0799
m 0.7 1.0
Reference strain rate 1 1
Melting temperature, T, K 1600 1673
Reference temperature, Ter 473 298
Specific heat capacity, J/KgK 430 452
Thermal conductivity, W/mK 12 16.2

increase in particle size increases the particle temperature
before deposition, which is the opposite for the case of
particle velocity: Velocity decreases while temperature
increases as the particle size increases. Since the CFD
results are likely to deviate from the actual experimental
particle velocity and temperature (Ref 41-43), a 15%
deviation from the CFD results is employed. At the
spraying conditions in Table 1, the estimated particle
velocities for the particle size range from 15 to 45 pm
would be from 1063 to 704 m/s. Thus, the average particle
velocity (i.e., for a particle size of 25 pm) was ~ 885 m/s.

Results
Powder Microstructures

Figure 3(a) shows the surface morphology of the feedstock
powder. The gas-atomized HEA feedstock powder exhibits
a predominately spherical morphology, accompanied by
irregular particles with satellites attached to them (Fig. 3a),
typical for gas-atomized powders (Ref 44). The larger
particle shown in Fig. 3(a) reveals a dendritic structure.
The micrographs of the HEA feedstock powder obtained
from the EBSD and grain size analysis are presented in
Fig. 4. Figure 4(a) represents the EBSD inverse pole fig-
ure (IPF) map of a HEA feedstock powder particle. The
IPF-z map, with different colors representing the grain
orientations, reveals several randomly oriented grains with
different shapes and sizes within the HEA particle. The
powder particle microstructure appears to consist of a
mixture of columnar and equiaxed grains, likely growing
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Fig. 2 The results of the CFD
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Fig. 3 The SEM micrograph of the CoCrFeNiMn HEA powder particle surface morphology (a) with a magnified view of the BSE micrograph of

a single-particle and the powder particle size distribution (b)

outwards from the nucleation point (Fig. 4a). These fea-
tures likely result from the undercooling and dendrite
break-up during the gas-atomization process (Ref 45). Few
poorly indexed grains at the particle edges can be seen,
attributed to polishing artifacts. Figure 4(b) shows the size
distribution of the grains in the HEA powder particles with
an area-weighted average grain size of about 6-7 um. EDX
mapping of the elemental composition of the HEA powder
particles is presented in Fig. 4(c), showing microsegrega-
tion of Co, Cr, and Fe in the dendritic interiors, which has
also been observed in a previous study (Ref 46). The
chemical composition of the powder is 22.3 wt.% Co, 19.3
wt.% Cr, 20.1 wt.% Fe, 20.7 wt.% Ni, and 17.6 wt.% Mn.

Deposit Porosity and Inter-particle Bonding
SEM micrographs of the CoCrFeNiMn HEA deposit cross
sections on the substrate at various magnifications are

shown in Fig. 5. The low-magnification micrograph in
Fig. 5(a) presents a (1.67 £ 0.03)-mm-thick deposit

@ Springer

showing no discontinuity or delamination at the deposit—
substrate interface, indicating a good bonding between the
deposit and the substrate during the CSAM. A porosity of
(2.4 £ 0.3)% was measured in the deposit. Higher mag-
nification micrographs of the deposit cross sections in
Fig. 5(b) and (c) reveal a nearly homogenous distribution
of pores.

As a representative of the deposit cross section, the SEM
micrograph and numerical simulation of the multi-particle
impact model (2D model) of the HEA particles on the
substrate are presented in Fig. 6(a), (b), and (c), respec-
tively. The deposit microstructure shown in Fig. 6(a) and
(b) consists of splats with globular or oblate spheroid
morphology, and similar deformation morphology is
observed in the FEA model. This suggests that the FEA
model employed thus represents the HEA particle defor-
mation morphology well.

Further, a broad distribution of the splat size within the
deposit microstructure was observed, correlating with the
characteristic particle size distribution of the HEA powder,
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(b)

Fig. 4 EBSD IPF map (a) of a powder particle and the grain size
distribution of about 15 powder particles analyzed (b). The short-
dashed black lines in (a) were manually included to differentiate

in addition to the effect of particle size-dependent impact
energies on the deformation of the particles upon impact.
The HEA splat flattening ratio in the SEM micrograph and
numerical model was evaluated. The flattening ratio,
defined as the ratio of the splat width to the splat height,
can evaluate the extent of plastic deformation of the HEA
particles during CS. The splat width and height were
evaluated as the major and minor axes of the oblate
spheroid splat shape (Ref 47) within the deposit
microstructure. Fifteen splats with clear splat boundaries
and different sizes were evaluated within the SEM micro-
graph of the deposit cross section and the numerical model.

2 4 6 8 10 12 14 16
Grain size (um)

18 20 22 24

between the columnar and equiaxed grain growth in the powder
particle. (c) The EDS mapping of the powder microstructure

Flattening ratios (average with standard error) of (2.0 £+
0.2) and (1.9 £+ 0.1) were obtained in the deposit
microstructure and numerical model, respectively. Again,
these values indicate that the FEA model predicts the HEA
particle deformation behavior during cold spraying well.
These values can be inevitably associated with errors as
mechanically polished cross sections do not usually pass
through the center of splats. In addition, actual cold spray
parameters such as particle impact and substrate tempera-
ture, actual mechanical properties of the powder material,
and the limitations of the numerical approach would likely
influence the flattening ratio calculations. Nevertheless,
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1 mm

Fig. 5 Low-magnification BSE SEM micrograph of the cold-sprayed
CoCrFeNiMn HEA deposit on the substrate (a). High-magnification
images of the deposit’s top and bottom layers are shown in (b) and

this approach has been employed in previous work (Ref
32, 48), giving an approximation of the flattening ratio and,
subsequently, the plastic deformation morphology of the
particles.

As cold-sprayed deposits are composed of many splats,
their mechanical properties, such as elastic modulus and
hardness, can be influenced by inter-splat bonding. The
high-resolution BSE micrograph of the deposit closer to the
deposit—substrate interface shown in Fig. 6(b) (magnified
view of Fig. 6a) allowed a closer look at splat boundaries.
The figure shows clear boundaries and gaps between splats
(the coloring was done using the Imagel] software). The
clear splat boundaries within the deposit likely suggest
poor bonding between the HEA particles during cold
spraying. Also, “textured” and “smooth” regions are
generally observed at splat interiors and impact interface
vicinity in the BSE micrograph, respectively. The smooth
regions are likely the diffraction of high dislocation den-
sities and the large number of grain boundaries at the
impact regions, whereas the projection from the textured
regions suggests lower dislocation densities and grain
boundaries within splats.

Deposit Microstructures

XRD Profile

The XRD profile for the HEA powder and cold-sprayed
deposit is provided in Fig. 7. The powder and cold-sprayed

deposit exhibited an FCC structure (PDF-00-065-0528). As
expected, the feedstock powder FCC structure was retained

@ Springer
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(c). The high-magnification SEM micrographs were taken from the
region indicated with a square box in (a)

in the cold-sprayed HEA deposits with no other phases
detected by the used XRD analysis. The XRD profile of the
cold-sprayed deposit showed peak broadening, indicating
the presence of subgrains and residual strain formed during
the severe plastic deformation of the HEA.

EBSD Characterization: Close to the Deposit—Substrate
Interface

A high-magnification EBSD and high-resolution SEM
micrograph of the deposit—substrate interface is presented
in Fig. 8. This was acquired to investigate the
microstructural characteristics of the interface between the
cold-sprayed HEA particle—substrate that resulted from the
impact-induced severe plastic deformation during cold
spraying. Figure 8(a) and (b) presents the SEM and band
contrast micrographs. The band contrast shows the quality
of the backscattered signal reflecting the degree of lattice
distortion. In particular, regions of intense plastic defor-
mation, such as grain boundaries containing lattice defects,
correspond to the dark lines. Randomly oriented dark lines,
usually corresponding to the presence of a network of
dislocations, were seen in the vicinity of the deformed
particle—substrate interface, suggesting severe plastic
deformation mainly limited to the interface vicinity, which
agrees with previous studies (Ref 15, 16). A closer view in
the band contrast image reveals elongated, linear dark lines
parallel to the impact direction present away from the splat
vicinity toward the interior. These linear features also
appear to be parallel to the impact direction suggesting
features similar to substructural deformation features such
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Fig. 6 (a) A high-contrast BSE micrograph of the cold-sprayed HEA
deposit. A closer look at the interface and inter-splat boundaries is
seen in the magnified view in (b). Similar deformation morphology of

as twinning. Previous studies have reported similar defor-
mation features. For instance, cold-sprayed CoCrFeNiMn
HEA (Ref 18, 19, 49) and dynamic and static deformation
of bulk CoCrFeNiMn HEA (Ref 5, 6, 50); however, these
deformation features require further investigation as
detailed characterization of the feature may be difficult
with the technique employed. Furthermore, Fig. 8(c) and
(d) shows the IPF and kernel average misorientation
(KAM) maps of the particle—substrate interface. The fig-
ures reveal coarse grains at regions away from the interface
of the particle and substrate, and fine grains at the interface.
The dark regions at the interface are a result of poor
diffraction quality or indexation. The regions likely contain
refined grains with sizes below the resolution or step size of
the EBSD analysis (50 nm) and high density of dislocation
as revealed by the band contrast in Fig. 8(b), hence the poor

the particles is observed in the SEM micrographs and the multi-
particle FEA deformation simulation (c)

diffraction or indexation quality. Away from the interface,
toward the center of the particle, are elongated subgrains,
likely deformed in the shear or compression direction.
Using a color gradient (threshold between O and 5), the
KAM map illustrates localized strain variations within the
microstructure. Blue corresponds to the absence of
misorientation, while green or yellow indicates a high
misorientation. Higher KAM reflects denser GNDs. Higher
local misorientations are concentrated at the interface, and
away from the interface, the KAM value decreases to
strain-free regions (showing mainly blue colors). The high
misorientation indicates localized strain and a high density
of dislocations. Figure 8(d) and (e) shows the misorienta-
tion angle distribution of the region analyzed, and the
misorientation angle distribution for below 5°. The
misorientation angle distribution suggests grains with low-

@ Springer



2548

J Therm Spray Tech (2023) 32:2539-2562

Fig. 7 XRD profile of powder
feedstock material and deposit,
showing that the cold spray
process did not result in phase
transformation of the spray
powder. There is peak
broadening observed in the
XRD profile of the deposit,
likely resulting from the plastic
deformation during cold
spraying

HEA powder

Intensity (a.u)

HEA deposit

1 PDF 00-065-0528

20 25

(73]
(=

angle grain boundaries (LAGBs < 15°) and high-angle
grain boundaries (HAGBs > 15°) and boundaries with 60°
misorientations. The KAM values reveal most misorien-
tations are below 1.5° suggesting a deformation process—
dynamic recrystallization, was dominant mainly at the
particle—substrate interface.

To further gain more insight into the particle—substrate
and particle—particle interfaces at the deposit—substrate
interface, the microstructure of a region at the deposit—
substrate interface was characterized using the EBSD
technique. Figure 9 presents the microstructure micro-
graphs of a region at the deposit—substrate with the indi-
cated interface (Fig. 9a). The micrographs reveal a similar
microstructure observed for the particle—substrate in Fig. 8.
The IPF-Z map in Fig. 9(b) shows a varied mix of colors
indicating randomly oriented grains in the deformed par-
ticle without any preferential orientation. Grain boundaries
were detected when the misorientation was above 5°, with
a minimum of 2 pixels per grain and a kernel size of 3 x 3.
The cold-sprayed HEA deposit—substrate interface is
characterized by a bimodal grain-sized microstructure with
randomly oriented fined grains that are dominant at the
impact boundaries and larger grains at the interior of the
splat. Also, the interface between particles is characterized
by ultrafine grains, as these regions are poorly indexed
resulting from the high strain and ultrafine grains with sizes
likely below the resolution or step size of the EBSD
technique employed (50 nm). Again, elongated subgrains
are observed toward the interface, likely deformed in the
direction of shear or compression. Furthermore, the KAM
map shown in Fig. 9(c) reveals a higher local misorienta-
tion at the impact boundaries. The dark areas at the impact
boundaries result from the low indexation quality due to
severe plastic deformation of the region, as explained
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earlier. Grains characterized with low strain (and a few
strain-free areas mostly within grains) are observed in the
interior of the splats (with blue color indicative of low or
no strain or dislocation density). Also, Fig. 9(d) shows the
plot of the KAM distribution of the deposit with most
values below 1.5 °, indicative of dynamic recrystallization
mainly occurring at the impact interfaces. Referring to
Fig. 9(e), the deposit microstructure likely consists of a
mixture of LAGBs (< 2° to 15°) and HAGBs (> 15°), and a
fraction of grain boundaries that are 2 3 {111} 60°
misorientation, which is characteristic of {111} (112)
deformation twinning in FCC metals (Ref 51).

To provide a more accurate picture of the LAGB and
HAGB distribution across the impact interfaces and within
a particle, the point-to-point and point-to-origin (cumula-
tive) misorientation lines versus distance are plotted, as
shown in Fig. 10. Figure 10(a) shows the IPF map from
Fig.9(b) where the misorientation lines or plot were taken
from. The misorientation profiles from each line, as
labeled, are plotted in Fig. 10(b). Three distinct regions
were selected for the misorientation profiles—the central
region of the particle (labeled (i)), particle—substrate
interface (labeled as (ii)), and the particle—particle interface
(labeled as (iii)). In the central region of the particle, there
are only a small number of LAGBs mainly within the
coarse grains. There are two peaks on the point-to-point
misorientation profile with high misorientation angles,
which is likely the angle of the grain boundaries within the
distance analysed, as shown in Fig. 10(a). This suggests
that subgrains were not well formed at the particle interior,
indicating low local strain and dislocation density. Inter-
estingly, in the impact regions; the particle-substrate and
particle—particle interfaces, the ultrafine equiaxed grains
appear to be highly misoriented, with the point-to-point
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Fig. 8 A high-magnification, high-contrast BSE image (a) and EBSD
band contrast image (b) of a cold-sprayed CoCrFeNiMn HEA particle at
the deposit—substrate interface. A network of dislocations is observed at
the interfaces, and likely substructure deformation features indicated by

misorientation reaching 40 and 60°. Although these regions
are poorly indexed, HAGBs were likely formed at the
bonding or impact regions.

From the EBSD results shown in Fig. 8, 9, and 10, it is
apparent that distinct regions or microstructures can be
identified, namely, the central particle region (Fig.10a and
b(i)), with less deformed coarse grains (Fig. 10a), and
ultrafine grain region (Fig.10a and, b (ii) and (iii)) at the
impact interfaces. For these regions (i.e., the central region
of the deposited particle, impact interfaces between parti-
cle—substrate and particle—particle), the strain and
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the white arrow close to the particle interior, likely deformation twins.
(c) shows the IPF map of the region analyzed and (d) the KAM map.
The misorientation angle distribution and KAM distribution of the
region analysed are presented in (e) and (f), respectively

temperature profiles versus distance at the end of the
deposition were estimated from the FEA, shown in Fig. 11.
Figure 11(a) shows an enlarged view of the multi-particle
FEA deposit—substrate interface and regions where the line
profiles were taken from. The strain and temperature profile
from each line is plotted as labeled in Fig. 11(b). The
central region of the deformed particle (labeled as (i))
reveals low strain and temperature value, with an average
strain of 0.45 (45%) and temperature of 650 K from the
center toward the south pole of the particle interior. At the
particle—substrate interface region, there is a remarkable
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Fig. 9 The (a) BSE image, (b) EBSD IPF map, (c) KAM map, (d) KAM distribution of ¢, and misorientation angle distribution (e) of cold-

sprayed CoCrFeNiMn HEA particle at the deposit—substrate interface

increase in strain and temperature, with strain and tem-
perature reaching 4.5 (450%) and 1310 K, respectively, at
the interface. Similarly, the strain and temperature profile
at the particle—particle interface region reaches their
highest peak values at the interface. The remarkable
increase in the deformation field variables at the interface
likely contributed to the difference in the misorientation
angles relative to the central region of the particle, as
shown in Fig. 10, which also correlates with the ultrafine
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equiaxed grains observed at the impact interfaces in Fig. 8
and 9.

EBSD Characterization: Within the Deposit

The EBSD analysis of the deposit—substrate interface
shown in Fig. 8 and 9 reveals a heterogeneous
microstructure formed, with ultrafine grains at the impact
interface while large grains are within the splats. To
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Fig. 10 (a) The IPF map in Fig 9b, with marked lines in different
regions and their corresponding misorientation profiles (b). The
misorientation profiles show the point-to-point (the black curve) and

confirm the same within the central region of the cold-
sprayed HEA deposit, a lower magnification micrograph
covering a wider area within the deposit was analyzed
using the EBSD technique. Figure 12(a) and (b) shows
high-contrast BSE and band contrast images of a region
within the deposit. The micrographs reveal that the HEA
particles had undergone extensive plastic deformation,
mainly at the particle interfaces. Also, in Fig. 12(a), a
micro-crack is observed, likely a gap at the inter-particle
boundaries resulting from incomplete bonding, similar to

point-to-origin (cumulative) (the red curve) along the distance
analyzed (Color figure online)

what is observed in Fig. 6(b). Furthermore, Fig. 12(c)
shows grains colored according to the IPF in the impact
direction. Equiaxed ultrafine grains are dominant at the
impact interfaces. Also, elongated subgrains can be seen
close to the interface, likely deformed in the direction of
shear or compression, first upon impact and then by sub-
sequent particle impacting. The orientation of the elon-
gated subgrains likely depends on the orientation of the
particle during deformation. Within the particles or splats
are coarse elongated and equiaxed grains with sizes similar
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Fig. 11 (a) A close view of the temperature profile of a region in Fig 6¢, of the FEA multi-particle impact model. The strain and temperature

along the marked lines in (a) are presented in (b)

to the original feedstock powder shown in Fig. 4(a).
Interestingly, the ultrafine grains surround the coarse grains
within the splats or particles, as the coarse grains have
likely experienced less deformation, thus resulting in a
HEA deposit with a heterogeneous grain-sized
microstructure. Grain size analysis of the deposit (3500
grains, at least 5 pixels per grain) revealed an area-
weighted average grain size of ~ 3.3 um, with most grains
below ~ 1 pum, as shown in Fig. 12(d), confirming grain
refinement when compared to the original feedstock pow-
der. Figure 12(e), (f), and (g) presents the KAM map,
dislocation density map, and misorientation angle distri-
bution. The KAM and dislocation density maps (Fig. 12e
and f) reveal that the splat interfaces have experienced
severe plastic deformation, leading to the high local strain
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and dislocation density—lO16 m>. Naeem et al. (Ref 52)
reported a similar value for the dislocation density of the
HEA; a peak value of ~ 1 x 10'® m™ was found at
around 45% of tensile plastic deformation. The dislocation
density did not increase beyond the peak value attributed to
dislocation annihilation due to dynamic recovery. The
white areas in Fig. 12(e) and (f) are poorly indexed loca-
tions due to severe plastic deformation of the regions.
Again, as observed in the previous EBSD analysis (Fig. 8
and 9), the KAM value of the HEA deposit microstructure
is below 1.5°, indicative of dynamic recrystallization dur-
ing cold spraying of the HEA particles. The misorientation
angle distribution (Fig. 12g) shows that a higher fraction of
the grain boundaries is LAGBs, and £ 3 {111} 60°
misorientation—characteristic of deformation twinning
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Fig. 12 The high-contrast BSE image (a), EBSD band contrast (b),
EBSD IPF map (c), and grain size distribution (d) of the cold-sprayed angle distribution (h) of the cold-sprayed HEA deposit microstructure
CoCrFeNiMn HEA deposit microstructure. The red arrow shows are presented (Color figure online)
substructure deformation features that are likely twins. KAM map (e),
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boundary, likely formed during the plastic deformation of
the HEA material.

The FEA multi-particle simulation was analyzed to shed
light on the particle dynamic recrystallization resulting
from ASI—strain localization and strain-induced heating at
the splats periphery. Figure 13(a) and (b) shows the results
of the numerical simulations of strain and temperature
profiles of subsequently impacted HEA particles on the
substrate. It is seen that highly localized strain (> 2.5) and
temperature (> 0.95 of the HEA solidus temperature) near
the impacting interface were prominent due to thermal
softening dominating over strain hardening during severe
plastic deformation. The higher strain and temperature at
the impact interface would result in thermally activated
interfacial phenomena such as bonding, ASI and dynamic
recrystallization (Ref 15, 27, 53). This is consistent with
the indexing quality of the EBSD analysis—poorly indexed
zones occur in regions with high plastic deformation,
leading to significant lattice distortion and hence, poor
diffraction.

From the EBSD micrographs shown in Fig.12, smaller
particles were observed to have interior grains with sizes
close to those at the interface, whereas larger particles
show a more heterogeneous microstructure with grains in
the particle interiors larger than those at the interfaces. The
possibility of this phenomenon during cold spraying of the
HEA was investigated using the FEA model. Strain and
temperature analyses were performed at the center of splats
from the FEA model. To evaluate the effect of particle size
on the severity of deformation and grain refinement at the
interior of the splats during cold spraying, five small and
five large particles of sizes 10-25 um (below the experi-
mental mean particle size) and 30-45 pm (above the
experimental mean particle size), respectively, were eval-
uated. The average temperature and strain evolution of the
different particle size ranges is presented in Fig. 13(c) and
(d). The average maximum temperature of 815 K obtained
within smaller particles resulting from strain-induced
heating could favor the dynamic recrystallization of grains
within the particles. This means that grains within smaller
particles likely experienced more grain fragmentation
when compared to those of larger particles (having an
average maximum temperature of about 675 K). These
analyses suggest that larger particle sizes would likely
achieve a higher fraction of elongated coarse grains, but
with the smaller particles achieving a higher fraction of
ultrafine grains—both contributed to the heterogeneous
microstructure.

Nanohardness

Nanohardness was measured on the mirror-polished HEA
powder and deposit cross sections. An average
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nanohardness value of 1.16 + 0.49 GPa was measured on
the powder particles. Figure 14(a) shows an SEM micro-
graph of the array of indents (the array shape displayed is
due to avoiding regions of large pores during the nano-
indentation testing) with the indents denoted at particle
central regions and impact interfaces. The denoted indents
were analyzed to provide information on the effect of the
cold-sprayed HEA heterogeneous microstructure on the
nanohardness variation. Figure 14(b) shows the nanohard-
ness values of each indent, as denoted in the SEM image.
Indents were taken from regions with clear interfaces from
the SEM image. The corresponding nanohardness distri-
bution histogram is provided in Fig. 14(c). It is seen from
the scatter plot in Fig.14(b) that the indents at the impact
regions result in greater nanohardness measured when
compared with those at the splat interior or central region.
For the nanohardness analyzed in those regions, it was
found that the average nanohardness at the impact region is
(0.65 £ 0.04) GPa greater than the average nanohardness
at the central region of the particles. Moreso, the
nanohardness values at the impact region analyzed varied
from 4.77 to 6.30 GPa; meanwhile, at the central region
they varied from 4.29 to 4.97 GPa. Moreover, the
nanohardness  distribution  histogram presented in
Fig. 14(c) suggests heterogeneous variation in the
nanohardness values measured within the cold-sprayed
HEA deposit. An overall average nanohardness and
Young’s modulus values of (5.14 £ 0.08) GPa and
(194 £ 1.64) GPa, respectively, were obtained for the
deposit. A similar nanohardness value has been reported by
Feng et al. (Ref 20) for cold-sprayed CoCrFeNiMn deposit
(5.64 GPa). The nanohardness value measured for the cold-
sprayed HEA deposit is higher than the conventional as-
cast HEA with a hardness value of 4.13 GPa, attributed to
the high density of dislocations and grain boundaries
resulting from the severe plastic deformation of the HEA
particle during deposition, as mentioned in Section 3.3.

Microhardness

Microhardness was measured on the cold-sprayed HEA
deposit cross section, with an average value of (280 +
3.59) HVy 5. The distribution of the microhardness value
measured for the HEA deposit is shown in Fig. 15(a),
ranging from 118.97 to 490.21 HV 3. Figure 15(b) shows
the average microhardness value measured from close to
the top of the deposit to the substrate. There are negligible
variations in the measured microhardness value within the
deposit, indicating likely uniform plastic deformation
throughout the deposition, layer by layer. The cold-sprayed
deposit in this study revealed a relatively higher measured
microhardness value than conventional additively manu-
factured (Ref 54, 55)—160 to 212 HV and as-cast
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Fig. 14 SEM micrograph
showing an array of nano- (a)
indents (a), (b) the plot of the

average nanohardness values of
the regions denoted and labeled
in (a), and (c) the corresponding
nanohardness distribution of the
cold-sprayed HEA deposit (b)
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Fig. 15 The distribution of the
microhardness value measured

(a)

for the cold-sprayed HEA
deposit (a), through-thickness
hardness variations of the
deposit from the deposit top
(about 300 pm) to the substrate
(b)
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CoCrFeNiMn HEA (Ref 49)—144 HV. This is attributed to
the severe work hardening and grain refinement during
cold spraying of the HEA.

Discussion

The moderate porosity (~2.4%) and inter-splat boundaries
observed in the cold-sprayed HEA deposit, shown in
Fig. 6(b) and 12(a), are consistent with the high strain
hardenability and resistance to shear localization of the
HEA (Ref 56). The poor inter-particle bonding suggests
insufficient thermal softening and deformation for com-
plete metallurgical bonding of the HEA particles during

-
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cold spraying. Higher particle velocities or gas temperature
can reduce the microstructural defects in the cold-sprayed
HEA deposit but at the expense of cost. Since the cold
spray equipment was operated at the upper limits of pres-
sure and temperature, achieving a pore-free deposit may
not be possible due to the HEA impact behavior, as
observed in a previous study by Nikbakht et al. (Ref 18).
Another plausible explanation for this deformation behav-
ior is likely a small, well-bonded area at the particle—par-
ticle interfaces and a high thermal gradient (as observed in
Fig. 13) within the particles. The outcome of these impact
phenomena or deformation behavior would likely result in
the rupture of the splats’ bond during the elastic unloading
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of the splats (Ref 57) and hence the clear inter-particle
boundaries.

Most notably, based on the evidence obtained from the
EBSD analysis in Section 3.3, the overall deformation
appears to result in heterogeneous microstructures formed
in the cold-sprayed HEA deposit. The severe plastic
deformation of the HEA particles resulted in, elongated
subgrains formed close to the impact interfaces, and
equiaxed ultrafine grains formed at the impact interfaces,
whereas coarse grains were observed at the central region
of the particles (Fig. 8, 9, and 12). The large deformation at
extremely high strain and strain rates during the cold
spraying process can dramatically result in grain refine-
ment via ASI and dynamic recrystallization, mainly at splat
impact boundaries, and severe work hardening effects.
Moreover, the dislocations formed and grain refinement
during the impact-induced plastic deformation likely result
in residual lattice microstrain, leading to the peak broad-
ening in the XRD patterns shown in Fig. 7.

The combined study of the EBSD characterization and
FEA shed light on the bonding mechanism and grain
structure resulting from the thermomechanical phenom-
ena—dynamic recrystallization and ASI. The misorienta-
tion profiles and the FEA strain and temperature profiles in
Fig. 10, 11, and 13(a) and (b) reveal the mechanisms for
bonding and formation of the heterogeneous microstructure
of the cold-sprayed HEA. The results reveal that during
particle impact, the previously coarse grains likely expe-
rienced a dramatic increase in dislocation density, which
accumulate and rearrange into LAGBs forming subgrains.
As deformation-induced strain and temperature increase
during the deformation process, particularly the remarkable
increase at the impact or bonding regions, the subgrains
rotate and their misorientation angle increases to accom-
modate the increasing strain, leading to the formation of
HAGBs and randomly oriented ultrafine grains. The elon-
gated grains formed close to the interface can be due to the
accumulation and alignment of many dislocations in a short
time. Similar deformation mechanisms and the resulting
microstructural features have been reported for cold-
sprayed Ni particles (Ref 15), the CoCrFeNiMn HEA (Ref
18, 58) and high strain rate deformation of bulk stainless
steel material (Ref 59). This strain-induced increase of
grain boundary misorientation via rotation of subgrains
within the short time of deformation is representative of
continuous dynamic recrystallization (Ref 15), which is
believed to be the dominant mechanism for grain refine-
ment in the cold-sprayed HEA deposit. The schematic
illustration in Fig.16 explains the formation of the ultrafine
grains at the impact interfaces by rotational dynamic
recrystallization. Moreover, Assadi et al (Ref 27) suggested
that the bonding of particles during cold spraying is
attributed to ASI, due to localized strain and temperature at
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the bonding regions, as shown in Fig. 11. Therefore,
rotational dynamic recrystallization and ASI are likely the
mechanism of bonding and formation of highly misori-
ented ultrafine grains at the bonding regions between the
HEA particles and particle—substrate.

Similar microstructural evolution was observed within
the cold-sprayed deposit as shown in the EBSD micro-
graphs in Fig. 12. The figure reveals equiaxed ultrafine
grains formed at the bonding or impact regions, whereas
coarse grains were observed at the central regions of the
particles. Moreover, one can see from the KAM map
shown in Fig. 12(d) that a high density of dislocations was
accumulated at the impact interfaces, indicating localized
high strain at the impact or bonding region. The higher
misorientation or local strain at the splat or impact
boundaries can be due to the localized and intense defor-
mation field variables, including temperature, strain, and
strain rate, as explained earlier. Since measuring the plastic
strain at the impact interfaces is not yet experimentally
feasible, using FEA tools for the multi-particle impact
deformation (shown in Fig. 11 and 13) gave an idea of the
strain and temperature-induced. From the FEA impact
modeling, a very high strain of more than 250% is found at
the impact interfaces, with the temperature reaching over
90% of the alloy solidus temperature (Fig.10 and 13a and
b). This induced high strain and temperature via severe
plastic deformation result in thermal softening and grain
refinement near the particle—particle and between the par-
ticle—substrate interface where ASI dominates. The defor-
mation mechanism via dynamic recrystallization and ASI
explained for the particle—substrate and particle—particle
interfaces at the deposit—substrate regions (Fig. 10 and 11)
simply applies within the deposit. Also, elongated grains
were observed to be formed close to the particle—particle
interfaces, as shown in Fig 12(c).

Additional microstructure features observed in Fig. 8 are
believed to possess boundaries with X 3 {111} 60°
misorientation (from misorientation angle distribution
presented in Fig.12h) characteristic of deformation twin-
ning. Moreover, the features appear parallel to the impact
direction, confirming that these features were likely formed
during the HEA particle deformation. Previous research
has reported intensive deformation twinning and grain
refinement to be the two main features of microstructure
evolution in the HEA processed via HPT (Ref 11). Similar
features have been observed in previous studies of the CS-
processed HEA (Ref 18, 19). However, future work will
involve a detail microstructural characterization of the
deformation twinning and its mechanism of formation in
the HEA during cold spraying.

The microstructure evolution—grain refinement and
work hardening effects via the severe plastic deformation
of the HEA during cold spraying resulted in the greater
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Fig. 16 The schematic explaining the mechanism of grain refinement
at the bonding regions by dynamic recrystallization in the HEA
particles during cold spraying: (a) homogeneous strain-free grain
structure of the original powder before spraying; (b) upon impact,
strain is induced due to deformation, and dislocations propagate;
(c) with deformation going on, strain and dislocation density increases

deposit nanohardness when compared to the sprayed
powder. The measured nanohardness value increased by
over 300%, from 1.16 GPa in the powder to 5.14 GPa in the
deposit. Also, the analyzed average nanohardness near the
particle—particle interfaces is greater than that of the central
region by over (0.65 &+ 0.04) GPa. The increased
nanohardness near the impact interfaces can be attributed
to a large number of grain boundaries and high dislocation
densities induced by the cold spraying process. Grain
refinement and high density of dislocations or GNDs in the
deposit can act as obstacles for dislocation motion during
indentation, resulting in dislocation pileups at grain
boundaries leading to higher stress required to move dis-
location through the pileups (Ref 60), therefore increasing
the hardness value. Grain refinement contributes to the
hardening of materials via the Hall-Petch effect (Ref 61),
and the dislocation density contribution follows the Taylor
hardening model (Ref 62).

Assuming a pore-free cold-sprayed HEA deposit, we
can estimate as a first approximation the yield strength of
the deposit using Eq 7, following the contributions of grain
refinement and dislocation hardening.

resulting in the formation of elongated subgrains due to the
accumulation and rearrangement of dislocations; (d) due to the
severe deformation and strain increase, the elongated subgrains rotate,
increasing in their misorientation angles to accommodate the strain,
resulting in the formation of highly misoriented equiaxed fine grains

o4 =00+ Ky/\/g + MaGbp? (Eq 7)

where g, is the yield stress, gy represents the intrinsic
yield stress of the HEA material (taken as 125 MPa (Ref
5)), and K, is the Hall-Petch coefficient. K, = 494
MPa.um™ "% has been reported for the CoCrFeNiMn HEA
(Ref 5). Also, M is the Taylor factor (3.06 (Ref 63)), o is a
constant taken as 0.4 (Ref 50), and G is the shear modulus
(80 GPa for the HEA at room temperature (Ref 64)), b is
the magnitude of the Burgers vector (0.255 x 10~ pm at
room temperature (Ref 65)), and p is the dislocation den-
sity taken from the EBSD analysis. Equation 7 gave an
approximate yield stress g, of 647 MPa. The yield stress
results from the grain refinement via dynamic recrystal-
lization and dislocation density, is comparable to bulk HEA
produced by either conventional additive manufacturing
(601 MPa with 1 pm grain size) (Ref 66) but higher than
as-cast (350 MPa with 4.4 pum grain size) (Ref 5). To
compare the yield stress estimated from the above model
with the measured hardness, we calculated the yield stress
from the measured Vickers hardness (HV) of the HEA
cold-sprayed deposit, using the equation

@ Springer
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opy = (HV/3) x 0.1", as proposed by Cahoon et al. (Ref
67). The strain hardening exponent, n, of the HEA material
is taken from Table 2. Thus, the measured microhardness
values of 280 HV of the HEA cold-sprayed deposit cor-
respond to approximate hardness-derived yield stress of
605 MPa. There is slight difference in the estimated yield
stress from the contributing mechanisms and the hardness-
derived yield stress. The discrepancies can be attributed to
the effect of porosity and poor inter-particle bonding of the
deposit during the microhardness indentation testing, and
the approximation of the model employed. Future work
will involve performing a standard tensile test to provide a
more accurate representation of the tensile properties of the
cold-sprayed HEA deposit.

Conclusions

A cold spraying process was employed to fabricate a thick
deposit of CoCrFeNiMn HEA. The resulting microstruc-
ture from the ultra-high strain rate materials deposition
process was characterized using SEM, XRD, EBSD and
FEA tools, and the properties were measured using micro-
and nano-indentation techniques. The main observations
can be summarized as follows:

1. The CS-processed HEA deposit showed a heteroge-
neous spatial distribution of ultrafine and coarse grains
at the splat interfaces and interiors. Significant grain
refinement was obtained mainly at the splat impact
interfaces within the deposit. The formation mecha-
nism of the heterogeneous microstructure is attributed
to adiabatic shear instability and dynamic recrystal-
lization produced by subgrain rotation dominating the
impact areas. Large strain and temperature gradients
within the deformed particles, as evidenced by the
FEA simulation, explain the heterogeneous microstruc-
ture formed.

2. The microstructural features in the cold-sprayed
deposit contributed to the over 250% increase in the
measured nanohardness value, from 1.16 GPa in the
feedstock powder to 5.14 GPa in the HEA deposit. The
increase in the hardness values was attributed to the
grain refinement and high density of dislocations in the
cold-sprayed HEA deposit. The high densities of grain
boundaries and GNDs contributed to the greater
nanohardness measured for the impact or bonding
regions between particles when compared to that of the
central regions of the particles.

3. A Taylor-based strength model that includes the
contributions from the grain size and dislocations
measured using EBSD predicted yield stress of 647
MPa for the HEA deposit. A hardness-derived yield

@ Springer

stress of 605 MPa was also estimated for the cold-
sprayed HEA deposit. These theoretical yield stress
values are comparable to the yield strength of bulk
HEA produced by conventional AM methods; how-
ever, future work will involve tensile testing of a dense
cold-sprayed deposit of the HEA.
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