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Medium- and high-entropy alloys (MEAs and HEAs) coatings have attracted increasing attention owing to their
exceptional mechanical properties and potential applications in structures protective from supersonic micro-
particle impact. However, there are no experimental insights into their protective performance. In this study, we
fabricated high-quality amorphous CoCrNi MEA coatings with a thickness of 4.5 pm on the rigid and flexible
substrates through ion beam-assisted deposition. Based on nanoindentation and laser-induced supersonic
microparticle impact experiments, the mechanical properties and protective performance of the CoCrNi MEA
coating were characterized and compared with those of the aluminum and copper coating. The results show that
the CoCrNi MEA coating exhibits a high hardness of 9.7 GPa and an elastic modulus of 146.8 GPa. Under the
supersonic impact, the CoCrNi MEA coating shows high coefficient of restitution, low rebound-to-fracture
transition velocity, and small impact-mode ratios. The impact-mode ratios of the CoCrNi MEA coating sub-
jected to microparticles of different materials further indicate that the CoCrNi MEA coating can efficiently
withstand the high-velocity impact of most metallic particles except tungsten ones. Our work provides direct
experimental insights into the excellent impact resistance of CoCrNi MEA coatings, which holds a great promise
for improving the reliability and durability of equipment subjected to high-speed collisions of solid particles
entrained within the air such as ice and sand dust.

coating [17,18]. The addition of Nb to the Fe35C00.2s5.
Nig.25(Bo.7Si0.3)0.25s HEA coating dramatically improves the wear resis-

1. Introduction

As advanced materials, medium- and high-entropy alloys (MEAs and
HEAs) have attracted considerable interest due to their superior prop-
erties [1-5], such as exceptional fracture toughness [6-8], outstanding
strength-ductility synergy [9-12], and superior “self-sharpening” capa-
bility [13]. These good mechanical properties enable MEAs and HEAs to
exhibit remarkable potential applications as structural materials in
extreme service environments [14-16].

MEAs/HEAs have been developed as advanced coating materials
over the past few years. For instance, amorphous TiNbZrMoV and
AlCrFeMoTi HEA coatings provide excellent corrosion resistance owing
to the low intrinsic solubility of the coating composition elements and
the limitation of element out-diffusion or segregation from the steel and
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tance owing to the formation of an amorphous structure with high
elastic modulus [19]. The CoCrNi MEA coating exhibits enhanced
hardness and damage tolerance due to its nanotwinned structure upon
micro-indentation system [20].

The high-performance MEAs/HEAs coatings are also regarded as
promising protective materials that effectively protect the equipment
from extreme impact loads and improve reliability and durability during
service. For instance, it could improve the surface integrity of jet engine
turbine blades subjected to high-speed collisions of solid particles
entrained within the air, such as ice, hailstones, and sand dust [21,22].
Recent studies have reported that bulk HEAs exhibit excellent ballistic
performance and can provide effective anti-ballistic impact capabilities
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[23-25]. This is dominantly beneficial from its active dislocations and
nanotwins generated at high strain rates. High dislocation and nanotwin
densities make the HEA easier to strain hardened with elevated tough-
ness to resist high-speed deformation. As the size decreases, metallic
samples with characteristic sizes of several micrometers have exhibited
a remarkable size effect, that is, the smaller the stronger [26-28]. The
MEAs/HEAs coatings with micron thicknesses are also expected to
possess excellent impact resistance due to their possible size effect
subjected to the impact of microparticles. However, there is no direct
experimental proof to date.

In this study, a novel amorphous CoCrNi MEA coating was deposited
on silicon (Si) and polycarbonate (PC) substrates. We carried out high-
velocity microparticle impact on the CoCrNi MEA coating to obtain its
protective performance. Post-impact observations and the coefficient of
restitution were examined to determine the impact resistance of the
CoCrNi MEA coating. The comparison of impact-mode ratios indicates
that the CoCrNi MEA coating can effectively withstand the high-velocity
impact of most metallic particles, providing solid evidence of the CoCrNi
MEA coating with extraordinary protective performance against micro-
particle impact.

2. Materials and methods
2.1. Deposition and characterization of CoCrNi coating

A CoCrNi MEA was chosen as the model material because its bulk
sample shows high strength (~1.5 GPa) and considerable tensile plas-
ticity (~60%) [29,30]. Among the equiatomic subsystems of CrMnFe-
CoNi, the CrCoNi MEA exhibited the best combination of strength and
ductility. The CoCrNi deposition target was obtained by arc-melting Co,
Cr, and Ni mixtures with 99.99% purity in a high-purity argon atmo-
sphere. Ion beam-assisted deposition (IBAD) was used to deposit CoCrNi
coatings on Si (rigid) and PC (flexible) substrates with a thickness of 1
mm. The ion beam current was 10 mA, and the beam energy was 750 eV
during the deposition process. The depositing argon pressure was 2.4 x
1072 Pa, and the deposition time was 4 h. The hardness and modulus of
the CoCrNi coating were investigated using a nanoindentation tester
(Agilent, Nano Indenter G200) with a load precision of 50 nN in the
continuous stiffness mode. The holding time was fixed to be 5 s.
Field-emission scanning electron microscopy (SEM, JEOL S4800) with
energy dispersive X-ray spectrometry (EDS), carried out at an acceler-
ating voltage of 20 kV, was utilized to perform post-impact observations.
The phases of the coating were detected using X-ray diffraction (XRD)
through Cu-Ka radiation at a rate of 0.02°/s in the 26 range of 20° to 90°
The impact-induced craters were measured using a profilometer (Dektak
X, Bruker).

2.2. Laser-induced microparticle high-velocity impact

To explore the impact resistance performance of the CoCrNi MEA
coatings, we built the laser-induced micro-projectile impact test (LIPIT)
platform. It opens a window for directly studying the mechanical
response and deformation behavior of materials under extreme dynamic
conditions [31,32]. The impact target was placed ~1.5 mm away from
the projectile launch pad, and a K9 glass substrate was coated first with a
100 nm gold layer (laser ablation layer), followed by a 40-pm-thick
cross-linked polydimethylsiloxane (PDMS) layer (elastic layer). A single
laser pulse excited by a Q-switched Nd: YAG laser with a duration of 10
ns and a wavelength of 532 nm was focused into a spot size of 500 pm on
the gold film. We selected SiO; particles with a diameter (D) of 10-13
pm as projectiles because they have relatively high strength and hard-
ness and cannot easily deform and fracture during impact. A molecular
sieve with different screening sizes was used for particle screening
before the impact test to ensure almost the same diameter of the
microparticles.

Monodisperse SiO2 micro-projectile was drop-cast and air-dried on
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the launch pad. Individual projectiles were selectively launched by the
rapid expansion of PDMS film via laser-ablation-induced gold vapor-
ization. A range of particle impact velocity from 200 to 1000 m/s was
achieved by adjusting the pulse laser energy (40-80 mJ). The impact
events were captured in real-time using a high-speed Kirana camera
(Specialized Imaging, 5000,000 frames per second, UK) with a NAVIS-
TAR microscope objective lens (12 x magnification, focal length 34 cm),
allowing for relatively accurate measurement of the microparticle ve-
locity during impact. An SI-LUX 640 laser (wavelength 640 nm, pulse
duration 100 ns) was used for illumination during impact. The inter-
frame time was adjusted from 200 to 500 ns, and the corresponding
exposure time was varied from 100 to 200 ns. The impact and rebound
velocities of the projectile were calculated by dividing the distance
measured between adjacent projectile snapshots in the multi-exposure
image by the time interval between consecutive imaging laser pulses.

3. Results and discussion
3.1. Microstructure of deposited CoCrNi MEA coating

Figs. 1(a) and (b) show that the CoCrNi MEA coatings are deposited
on rigid Si and flexible PC substrates, respectively. The CoCrNi coating
has a smooth surface and can be bent into a roll on a PC substrate, as
shown in Fig. 1(b), suggesting that the CoCrNi coating has high flexi-
bility and stability. The EDS mapping with SEM image is displayed in
Fig. 1(c), and the Co, Cr, and Ni elements are distributed uniformly in
the coating. The XRD profile shows that there is no observable crystal-
line peak. Only one broad peak corresponding to the amorphous struc-
ture is shown in Fig. 1(d). Theoretically, film deposition can be
considered an extremely rapid quenching process due to the ultrahigh
cooling rates of approximately 10'* K/s, in which the deposition atoms
have insufficient kinetics to form preferred crystalline structures [18,
33-35]. In addition, the severe lattice distortion caused by the incor-
poration of atoms of varying sizes leads to topological instability and
decreases the driving force for the transformation from an amorphous to
a crystalline configuration [5]. Meanwhile, the sluggish diffusion effect,
originating from the difficulty of the cooperative diffusion of different
atoms, can slow the crystallization kinetics. Considering all the factors
mentioned above, an amorphized structure was observed for the CoCrNi
MEA coatings. Fig. 1(e) shows clearly that the thickness of CoCrNi
coating is 4.5 + 0.3 pm, and it is tightly deposited on the Si substrate.
The CoCrNi coating has a homogeneous structure, and no visible cracks
or pores exist between the coating and substrate. The cases mentioned
above confirm the successful preparation of an amorphous CoCrNi MEA
coating.

3.2. Hardness and elastic modulus of the CoCrNi MEA coating

Our nanoindentation tests effectively evaluate the mechanical
properties of the CoCrNi MEA coating. As traditional protective mate-
rials, Al and Cu have been widely used in protective structures. Thus, we
also deposited ultrafine-grained Al and Cu coatings with the same
thickness of approximately 4.5 pm on Si and PC substrates and con-
ducted nanoindentation tests for comparison. As shown in Figs. 2(a) and
(b), the distance between the two sites is 10 pm to prevent the reciprocal
influence of the indentation sites. We carried out nanoindentation tests
with 10 indentations to ensure the adequate accuracy of the measure-
ments and the uniformity of the structure. Fig. 2(c) shows the load-
displacement curves of the CoCrNi, the Al, and the Cu coatings. The
maximum depth is 390 nm, and the minimum depth is 380 nm. The
indentation depth is less than one-tenth of the coating thickness to
eliminate the substrate effect. The Al coating exhibits an elastic modulus
and hardness of 83.2 £+ 3.3 GPa and 3.1 + 0.4 GPa, respectively, while
the Cu coating displays an elastic modulus and hardness of 103.6 + 3.6
GPa and 4.4 + 0.6 GPa, respectively. Compared with the Al and Cu
coatings, the CoCrNi coating shows the highest elastic modulus and
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Fig. 1. CoCrNi coatings deposited on (a) Si substrate and (b) PC substrate. (c) EDS mapping of the CoCrNi coating. (d) XRD profile of the CoCrNi coating. (e) Interface

between the Si substrate and the CoCrNi coating.

hardness of 146.8 + 5.0 GPa and 9.7 + 0.7 GPa, respectively [Figs. 2(d)
and (e)]. The superior hardness of the CoCrNi coating is advantageous
for enhancing its impact resistance. A comparison of the hardness of the
CoCrNi coating and other advanced coatings is presented in Fig. 2(f),
including nanotwinned structure CoCrNi MEA coating [20], CoCr-
FeMnNi HEA coating [36], AlCoCrFeNi HEA coating [37], amorphous
AlCrFeMoTi [17] and TiNbZrMoV [18] HEA coatings. The CoCrNi
coating exhibits relatively high hardness compared to most other coat-
ings. In addition, the CoCrNi coating possesses the advantage of expe-
dient large-scale fabrication, making it a priority in industrial
applications.

3.3. Microparticle impact response of the CoCrNi MEA coating

Fig. 3(a) illustrates the LIPIT platform used in this experiment. The
LIPIT technique was originally developed by Lee et al. [38] and was
further improved by Veysset and Hassani-Gangaraj et al. [39]. SiO,
microparticles were used as projectiles in the present experiment, as
shown in Fig. 3(b). Figs. 3(c) and (d) show two exemplar snapshots of
the impact event where two spherical SiO; particles traverse downward
from the top of the view field and impact the CoCrNi coating with Si
substrate at V; of 385 m/s [Fig. 3(c)] and 615 m/s [Fig. 3(d)]. Fig. 3(c)
clearly shows that the particle rebounds at a velocity of 158 m/s. We did
not observe an indication of deformation in the rebounding SiO, parti-
cles, such as significant deviation from sphericity in our real-time ob-
servations or fracture, melting, or erosion of the target in our SEM
micrographs. Therefore, the plastic deformation of the target is the
dominant operative mechanism that dissipates the energy of incoming
particles. A series of fracture regimes occurred when exceeding the yield
stress of the particles with increasing V;. The SiO, particle is fractured
under an V; of 615 m/s, as shown in Fig. 3(d).

The high-velocity impacts of micrometer-scale spherical projectiles
normal to the coatings surface result in high-strain-rate deformation of
the coating material and the formation of impact craters. Figs. 4(a-1)
show the post-impact observations of the CoCrNi, the Al, and the Cu

coatings with rigid and flexible substrates at V; of 550 and 730 m/s,
respectively. The post-impact morphologies of the impact site show that
the CoCrNi, the Al, and the Cu coatings have been deformed plastically
but not melted and re-solidified. The CoCrNi coating dissipated the en-
ergy of the incoming particles through multiple shear bands, as shown in
Figs. 4(a) and (b). Such plastic dissipation is unique to amorphous solids
because shear transformations (STs), the basic flow events in amorphous
solids, can occur at the nanoscale [40]. These observed shear bands
resulted from the localized self-organization of STs under high strain
rate loading [41]. The Al coatings dissipate impact energy through se-
vere plastic deformation.

The variations in the deformation area and crater depth as a function
of V; are shown in Figs. 4(m) and (n), respectively. With increasing V;,
the deformation areas of the CoCrNi, the Al, and the Cu coatings in-
crease, suggesting an impact velocity-dependent dynamic behavior.
Moreover, for all V;, the deformation area of the Al and the Cu coatings is
larger than that of the CoCrNi coating, indicating that the Al and the Cu
coatings are more severely damaged under the microparticle impact
[Fig. 4(m)]. Fig. 4(n) shows the variation in the impact-induced crater
depth of the CoCrNi, the Al, and the Cu coatings on various substrates.
The crater depths of the Al and the Cu coatings are significantly deeper
than that of the CoCrNi coating. Moreover, the substrate effect is evident
for the Al and the Cu coatings, implying that the flexible substrate suffers
a certain degree of plastic deformation. That is, the Al and the Cu
coatings did not effectively protect the substrate material. However, for
the CoCrNi coating, the impact-induced crater depth remained relatively
stable on different substrates and was far lower than the coating thick-
ness. Hence, the CoCrNi coating effectively protected the rigid and
flexible substrates during microparticle impact.

3.4. Coefficient of restitution and impact-mode ratio

To further investigate the impact response of the CoCrNi coating, we
measured the V; and rebound velocities (V;) for each impact and
calculated the coefficient of restitution (COR, V,/V;) [39]. Fig. 5 shows
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Fig. 2. (a) Spacing between indentation sites. (b) Size of indentation site. (c) Load-displacement curves of the CoCrNi, the Al, and the Cu coatings. (d) Elastic
modulus and (e) hardness as functions of the depth of the CoCrNi, the Al, and the Cu coatings. (f) Hardness of the CoCiNi coating in the present study and other

coatings as a function of thickness.

COR as a function of V; for the CoCrNi, the Al, and the Cu coatings
deposited on different substrates. The COR shows a linear decline due to
the increase of the fraction of energy dissipated through plastic defor-
mation of the target with increasing V; [39]. The CoCrNi coating exhibits
higher COR than the Al and the Cu coatings, indicating that the kinetic
energy of the microparticles is less dissipated through the plastic
deformation of the CoCrNi coating. Furthermore, the COR of the CoCrNi
coatings on the flexible and rigid substrates were almost identical,
suggesting that the energy dissipation of the target was mainly
contributed by the CoCrNi coatings rather than the substrate. However,
the COR of the Al and the Cu coatings deposited on the flexible substrate
is significantly lower than that deposited on the rigid substrate, mani-
festing that the flexible substrate deforms largely and dissipates

considerably the impact energy.

The zero COR value indicates the critical velocity (V) for the
rebound-to-fracture transition of impact modes. Above V., the micro-
particles are yield and ultimate fracture. The V., of the CoCrNi coatings
deposited on rigid and flexible substrates were 543 m/s and 570 m/s,
respectively. The varying V. of the CoCrNi coating on the various
substrates suggest that only a small amount of the microparticle energy
is absorbed by the flexible substrate. The V., of the Al coating deposited
on the rigid and flexible substrates was 765 m/s and above 850 m/s and
Cu coating was 680 m/s and 745 m/s, respectively, showing the sig-
nificant influence of the substrates. The relatively low V., of the CoCrNi
coating further proves its higher microparticle impact resistance
compared to the Al and Cu coatings.
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Fig. 3. (a) Schematic of the LIPIT platform. (b) SEM image of SiO, microparticles used as projectiles. (c-d) Multiframe sequences with an interframe time of 200 ns
and exposure time of 100 ns show that SiO, particle impacts a CoCrNi coating with a rigid substrate at 385 and 615 m/s, respectively.

The impact-mode ratio (¢), as proposed by Hassani et al. [42], was
introduced to quantify the splatting or penetration modes of the impact
events,

p,,C Y,
CpCY

(€8]

where p, C, and Y are density, sound velocity, and dynamic yield
strength, respectively. The subscripts p and t refer to the particle and the
target, respectively. Significant fracturing and splatting of the particles
occur for ¢ << 1. As the ¢ increases, the deformation in the particle
decreases, and the plastic deformation in the target increases. Ideal co-
deformation is characterized by ¢ =~ 1. For ¢ >> 1, the impact-induced
plasticity is accommodated predominantly by the target, and deep
penetration of particles into the target occurs. It is to be noted that
although the impact phenomena in the present study is much more
complicated, Eq. (1) can still well predict the deformation modes of the
microparticles during impact on various targets, as validated by Hassani
etal. [42]

The microscale dynamic yield strengths (Y) of materials can be
extracted from the V; and V; of microparticle impact experiments using
an elastic-perfectly plastic (EPP) impact behavior model developed by
Wu et al. [43].,

E2v4 1/3
_ (P 4 7 2
26Viat

where E, is the representative elastic modulus defined by elastic
modulus E and Poisson’s ratios v of the two materials,

L1-g 14
-t ©)

where E, and v, are elastic modulus and Poisson’s ratio for the particle,
and E; and v are elastic modulus and Poisson’s ratio for the target
material. The a is a factor and determined by the elastic-plastic behavior
of the particle and the target material in the impact system. According to
the study by Wu et al. [43], o« = 0.62 for an EPP sphere impacting an
elastic substrate and o = 0.78 for an elastic sphere impacting an EPP
substrate. For the same materials, a = 0.57 [44]. Recently, Sun et al.
[44] further performed the micro-particle impact tests by Al,Os
micro-particle impacting Cu substrate using LIPIT. Their results agree
with the EPP impact behavior model, validating the applicability of

LIPIT for measuring Y of materials. In the present study, when the SiOy
microparticles impacts the CoCrNi, the Al, and the Cu coatings, the SiOy
microparticles can be regarded as elastic spheres and the coatings can be
treated as EPP substrates. Consequently, the value of o is taken as 0.78.
According to Eq. (2), we can extract the microscale Y of the CoCrNi, the
Al, and the Cu coatings by microparticle impact experiments, as shown
in Fig. 6 (a-f). The Y of the CoCrNi coatings are determined to be 2380

+260 MPa for both the rigid and the flexible substrates because the V; of

the CoCrNi coatings for different substrates are almost the same. How-
ever, the Y of the Al coating are 439+65 MPa and 25340 MPa for the
rigid and the flexible substrates, respectively, due to the significant
difference in V, for different substrates. The Y of the Cu coating are 696

+75 MPa and 451+60 MPa for the rigid and flexible substrates,

respectively. In order to obtain the Y of SiO5 so that we can calculate the
¢ in Eq (1), we performed LIPIT experiments on SiO» particles impacting
SiO; substrate, as shown in Fig. 6(g). The value of « is taken as 0.57
because the particle and target are same materials [44]. The Y of the
SiO is measured to be 1174+170 MPa [Fig. 6(h)].

The spectrum of the impact modes according to the ¢ is shown in
Fig. 7, and the detailed data is listed in supplementary materials,
Table S1. The calculated ¢-values for the splatting mode (p << 1) of the
CoCrNi coating (red reflective dot in Fig. 7), for the penetration mode (¢
>> 1) of the Al coating (green and purple reflective dots in Fig. 7), and
for the co-deformation mode (¢ ~ 1) of the Cu coating (carmine and
black reflective dots in Fig. 7) are consistent with experimental results
(Fig. 4). Moreover, the impact modes of the CoCrNi coating subjected to
Al, Ni, Ti, Zn, Ag, Cu, Ti, Ni, and W microparticles are investigated,
where the materials properties of these microparticles are given in
supplementary materials, Table S2. Except for the W microparticle, all
the other microparticles are in the splatting mode, showing that the
CoCrNi coating is a superb impact-protection coating subjected to the
majority of metallic microparticles. Although the W microparticle has
the penetration mode for the CoCrNi coating, its ¢-value is much smaller
than the other materials subjected to the W microparticle impact,
implying that the CoCrNi coating should have the least damage.
Therefore, our study provides direct proof of the CoCrNi coating with
extraordinary impact resistance subjected to microparticle impact and
suggests promising engineering applications as protective coatings for
equipment to enhance surface integrity and reliability subjected to high-
speed collisions of solid particles such as ice and sand dust.
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4. Conclusions

In this paper, the CoCrNi MEA coating were fabricated, and its pro-
tective performance was investigated. The main conclusions are as
follows.

1 The amorphous CoCrNi MEA coatings with a thickness of 4.5 pm
were synthesized using IBAD on the rigid and flexible substrates. The
CoCrNi coatings exhibited a high hardness of 9.7 GPa and an elastic
modulus of 146.8 GPa under the nanoindentation test.

2 Regardless of the flexible or the rigid substrates, the CoCrNi coatings
had a smaller deformation area and crater depth than the Al coatings.
In addition, the crater depths of the CoCrNi coating were much
smaller than its thickness, showing good protection for the
substrates.

3 The CoCrNi coatings had a higher COR and a lower critical velocity
than the Al and the Cu coating, indicating higher impact resistance of
the CoCrNi coatings compared to the Al and the Cu coatings.

4 Most metallic particles were in the splatting mode when impacting
the CoCrNi coatings except the W particles, indicating extraordinary
impact resistance of the CoCrNi coatings subjected to microparticle
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Fig. 6. The Y of the CoCrNi coating, the Al coating, the Cu coating, and SiO, measured by LIPIT experiments.
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