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Cavitation erosion significantly impairs the serviceability of hydroelectric turbines and causes tremendous
economic loss. Therefore, the demand for materials with effective resistance to cavitation erosion is imperative.
Here, a novel nickel (Ni)-tungsten carbide (WC) composite coating with biomimetic hierarchical structure (BHS)
is proposed. The BHS imitates cuttlebone in microscale and abalone nacre in nanoscale. In microscale, a three-

dimensional cross-linking eutectic network of Ni-WC sandwiches divides Ni matrix into many small cells, which
effectively inhibits crack propagation to an individual cell, controlling the damage caused by cavitation erosion.
In nanoscale, numerical modelling results further reveal that the Ni-WC sandwiches can reduce the tensile stress
triggered by cavitation impact and dissipate the impact energy, giving rise to ultrahigh cavitation erosion
resistance behaviour. The design of similar structures may promote the development of other metal-matrix
composites, establishing new methods for developing material systems with advanced properties.

1. Introduction

Hydroelectric power has been considered one of the essential parts in
achieving carbon neutrality. However, cavitation erosion commonly
occurs in hydro-turbine components, such as blade, runner, and volute,
resulting in compromised serviceability and extended downtime.
Microjets and shock waves generated by the collapse of cavitation
bubbles repeatedly impact the surface of the material, causing severe
damage in hydrodynamic systems [1,2]. Apart from optimisation of the
mechanical structure of hydrodynamic equipment [3], considerable ef-
forts have been devoted to developing protective coatings to resist

cavitation erosion in harsh environments. Among various protective
coatings, metal-ceramic composite coatings have been considered one of
the most promising materials and extensively applied to resist cavitation
erosion. Metal-ceramic composite coatings exhibit exceptional strength,
toughness, and impact resistance [4,5], which are extremely challenging
to achieve simultaneously in pure ceramic or metallic coatings. How-
ever, the boundary adhesion between the metal-ceramic phases is usu-
ally insufficient. In most cases, failure of these metal-ceramic composite
coatings during cavitation erosion is attributed to brittle detachment of
the hard ceramic phases and erosion of the exposed metallic binder
phases [6]. Furthermore, it is generally accepted that interfaces, such as
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grain boundaries and phase boundaries, are preferentially attacked by
the repeated impact of microjets and shock waves during the collapse of
cavitation bubbles (up to Gpa [7,8]), resulting in the generation of large
craters and other material failure [9-11]. In addition, despite having
good resistance to cavitation erosion, only the region covered by the
hard ceramic particles can be effectively protected. Thus, enhancing the
adhesion at the interfaces and expanding the surface area covered by
hard ceramic phases are highly desirable for promoting resistance to
cavitation erosion.

Introducing post-treatment to the coatings is commonly adopted to
improve their cavitation erosion resistance [12,13]. Here we have
introduced laser remelting to the cold-sprayed nickel (Ni)-tungsten
carbide (WC) coatings to promote the bonding at the Ni-WC interface, as
the molten Ni can wet the WC particles. More importantly, we intend to
alter the microstructure of the cold-sprayed Ni-WC coating into the one
that mimics the cuttlebone in microscale and the abalone nacre in
nanoscale. For cuttlebone, its cellular structure offers unique mechani-
cal and structural properties, providing a layer-by-layer fracture mech-
anism when subjected to compressive stress, for which considerable
studies have been reported [14,15]. This, in turn, helps avoid fatal
damage under attack, and many bio-inspired structures have been
designed based on this property [16]. Such a damage-control strategy
may be applied for combating cavitation erosion. For abalone nacre, the
aragonite layers are bonded with very elastic proteins and poly-
saccharides, exhibiting sandwiched structural features that possess
extraordinarily high toughness and strength [17-21]. Researchers found
that the sandwiched structure of nacre can reflect stress waves and
significantly dissipate mechanical energy [22-28], providing structures
with superior impact resistance, which is highly demanded for
cavitation-erosion resisting materials.

The newly constructed layers are developed in accordance with the
bio-mimic hierarchical structure (BHS) as proposed in Fig. 1 (the design
process of BHS is described in detail in Text S1, Fig. S1 and Fig. S2),
where the eutectic Ni-WC provides the nacre-like sandwiched nano-
structure and the eutectic Ni-WC network provides the cuttlebone-like
microstructure. It is hypothesized that such BHS Ni-WC coatings
would provide exceptional cavitation erosion resistance via four re-
gimes: (i) energy absorption by the nacre-like sandwiched ceramic-
metallic nanostructure; (ii) damage control by the cuttlebone-like
cellular microstructure enclosed by sandwiched ceramic-metallic
nanostructure; (iii) improved bond strength at the phase boundaries
by the wetting between WC particles and molten Ni during laser
remelting; and (iv) large protected area by shape transformation of WC
from particles to lamella. We suppose the newly designed BHS would
facilitate the development of ultra-anti-cavitation erosion materials.
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2. Experiment methods
2.1. Coating preparation and laser-remelting

Low-pressure cold gas dynamic spraying (SST series P, CenterLine,
Ltd., Canada) was used to pre-deposit Ni/WC composite powders onto
the top surface of substrates. The feedstock powder was composed of 8
wt% Ni powder (SST-N5001, Centerline, Ltd., Canada) and 92 wt% WC
powder (Sulzer Metco, USA) which were admixed manually. The Ni and
the WC powders for cold spraying were amorphous, whose size distri-
bution was 5-45 and 10-45 pm, respectively. The substrate material was
316L stainless steel (316L SS, Zechanglong Ltd., China), and the
dimension of the substrate was 20 mm in diameter and 10 mm in
thickness. Before the spraying, the substrates were blasted by number 24
alumina grit medium with 0.3-1.0 MPa compressed air for 1 min and
then cleaned with acetone to promote adhesion. The spraying parame-
ters were adopted from the previous work [29], and the thickness of the
as-sprayed (AS) coatings was ~1 mm. The AS coatings were grounded by
120, 400, 800, 1200, and 2000-grit SiC paper, respectively. Then, the
grounded coatings were remelted by a laser (YLS-2000, IPG Photonics,
USA) with different power levels (BHS-a, BHS-b, and BHS-c for the
coatings remelted at 300, 400, and 500 W, respectively), a spot size of
0.5 mm, and an overlapping ratio of 50% at a transverse speed of 200
mm/min in nitrogen gas. A schematic diagram demonstrating the laser
path is given in Fig. S3, and each sample was only scanned for one pass.

The sintered Ni-WC coatings were fabricated using a spark plasma
sintering device (HPD 25 SI, FCT Systeme GmbH, Germany). Before the
sintering process, the substrates were sandblasted in the same way for
preparing the cold sprayed samples. Then, the substrates were put into
the mould and followed by the filling-in of the manually blended Ni-WC
powder (75 vol% Ni and 25 vol% WC, supplied by Changsha Tianjiu
Metallics Ltd., China). The Ni powder for sintering was spherical and
had a size distribution of 2-5 pm. The WC powder had the same size
distribution, but it was amorphous. During the sintering process, the
temperature rose to 1200 °C in 50 °C/min at 30 MPa. Next, the tem-
perature was held at 1200 °C for 5 min, and then the sample was cooled
to room temperature. Finally, the spark plasma sintered (SPS) sample
was grounded and remelted as per the cold-sprayed coatings by a 400 W
laser (BHS-SPS for the laser-remelted SPS coating).

2.2. Microstructure characterisation

Scanning electron microscopy (SEM, Quanta FEG 250, FEI, USA),
electron backscattered diffraction (EBSD, NordlysMax2, Oxford In-
struments, UK), X-ray diffraction (XRD, D8 ADVANCE, Bruker,
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Fig. 1. Scheme of this work. This work intended to develop a microstructure to combine the features of abalone nacre and cuttlebone. A eutectic Ni-WC network
formation within the treated coating is expected. The eutectic Ni-WC network provides a cell-by-cell fracture via mimicking the microstructure of cuttlebone and the

eutectic region imitates the energy-dispersive function of abalone nacre.
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Germany), and transmission electron microscopy (TEM, Talos F200x,
ThemoFisher, USA) were used for characterisation of the BHS coatings.
For the cross-section of the samples being characterized, the specimens
were cut along the progressive path of the laser shown in Fig. S3. Before
the SEM and XRD characterisation, the specimens were ground and then
polished by 0.02 pm colloidal silica suspension.

Some as-remelted BHS coatings were chemically etched for SEM
observation. The etchant was a mixture of 10 g of 37 wt% hydrochloric
acid and 10 g of 35 wt% hydrogen peroxide solution (Shanghai Aladdin
Biochemical Technology Ltd., China) in 30 ml of deionized water. The
non-coated surface of the specimen was sealed by epoxy resin, and then
the partially sealed specimen was submerged in the etchant for 5 min.
Such a long duration of etching can ensure complete removal of Ni, and
thus the microstructure formed by WC can be fully exposed. For the XRD
detection, a copper anode with a curved graphite monochromator to
filter K-beta wavelengths was used at 40 kV and 40 mA. The specimens
were characterized using continuous XRD mod, where the 20 diffraction
angle was changed from 20° to 90° at a rate of 5° per minute. For the
high-resolution TEM (HRTEM) characterisation, the specimens were
thin films milled and cut from a polished cross-section of the sample by
focused ion beam with liquid Ga' source (FIB, Auriga, Carl Zeiss,
Germany).

2.3. Nano-indentation and Vickers hardness tests

Nano-indentation testing (Nano Indenter G200, MTS, USA) and
Vickers hardness testing (Wilson VH3300, Buehler, Germany) were
performed on the cross-sections of the samples. For the nano-indentation
test, there were five random sites (40-50 pm beneath the surface) at the
remelted region indented by a Berkovich diamond indenter for each
tested sample. The maximum displacement into the surface was 2 pm at
a strain rate of 0.01 pm/s. The indentation hardness (Hir) and the
indentation modulus (E;r) were calculated using the software in the test
rig. For the hardness test, five random locations (40-50 pm beneath the
surface) in the remelted region were indented under a load of 0.2 kgf for
each sample, and the average value of Vickers hardness was calculated
by the software (DiaMet™) in the test rig. The tested samples were then
characterized by SEM to observe the morphology of the indented sites.

2.4. Cavitation erosion test

Before the cavitation erosion testing, the surfaces of the samples
were finished by 0.02 pm colloidal silica suspension, cleaned with
acetone, and dried in a vacuum. The dried sample was then weighed by
an analytical balance (Mettler 220, METTLER TOLEDO International
Trading (Shanghai) Ltd., China). Next, the cavitation erosion properties
of the samples were evaluated using ultrasonic vibratory apparatus
(GBS-SCT 20A, Guobiao Ultrasonic Equipment Ltd., China) according to
ASTM-G32-16, where the detailed parameters were described in our
recent study [30]. Meanwhile, there were three samples tested for each
type of the coating.

Each sample was exposed to cavitation erosion for 10 h, of which the
mass loss was recorded every hour. Thus, the volume loss could be
calculated by the quotient of the mass loss and the density of the ma-
terial. The density of the AS coating, BHS coatings and the 316L SS
substrate was measured by the buoyancy method, which was 10.53,
10.58 and 7.98 g/cm®, respectively. After the cavitation erosion testing,
the sample was characterized by a 3D profilometer (Up-Lambda 2, Rtec
Instruments, USA) with white-light interferometry, investigating the
surface roughness and the cavitation erosion crater. Three random re-
gions with a dimension of 1.2 x 1.9 mm were investigated. The data
were further analysed by MountainsMap® surface analysis software.

2.5. Numerical simulation

The dynamic compressive mechanical behaviours of the pure Ni
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structure and the laser-remelted Ni-WC structure were simulated by LS-
DYNA [31] to analyse the cavitation impact resistant properties of the
bioinspired interfaces. Figs. S4a-b shows the schematic diagram of the
numerical simulation model of the pure Ni and the laser-remelted Ni-WC
with 1000 x 200 x 750 nm® in the spatial dimensions. As shown in
Fig. S4b, the regions of 100-150 nm and 250-300 nm below the loading
surface represent WC, and the other is Ni. Both the pure Ni and the
laser-remelted Ni-WC models were meshed with 960,000 elements. The
size of the elements at 0-400 nm below the loading surface was 5 x 5 x
5 nm, and the size at 400-750 nm was 5 x 5 x 10 nm. A triangular shock
wave with a peak value of 1 GPa and duration of 40 ps [32], as given in
Fig. S4c, was applied on the upper surface of the models. The constitu-
tive relationships of Ni and WC are shown in Fig. S4d, and the specific
physical parameters of Ni and WC are given in Table S1.

3. Results
3.1. Microstructure of the biomimetic hierarchically structured coatings

The microstructure characterisations of the BHS-b coating are shown
in Fig. 2. The SEM image of the molten pool (Fig. 2a) shows a uniform
remelted zone. There are large WC grains at the edge of the molten pool,
as highlighted by yellow arrows (which form segmentations as shown in
Fig. S5). A magnified SEM image of the cross-section of the BHS-b
coating is also given in Fig. 2a, showing the BHS-b coating with
eutectic Ni-WC networks formed by Ni-WC sandwiched structures,
where the bright regions are WC precipitates, and the dark regions refer
to Ni binder. As a result, the designed BHS as proposed in Fig. 1 was
achieved. In addition, the XRD spectra (Fig. 2b and Fig. S6) show that
the composition of the BHS Ni-WC coatings only consisted of FCC Ni and
HCP WC. The absence of the diffraction peaks of W»C, Ni4W, and other
chemicals may be attributed to their low concentration. The composi-
tion of the BHS coatings was also verified by scanning transmission
electron microscopy (STEM) equipped with energy-dispersive spectros-
copy (STEM-EDS) (Fig. 2¢), showing that limited W and C diffused into
the nearby Ni matrix.

To investigate the three-dimensional microstructure of the eutectic
Ni-WC, the as-remelted coatings were etched to remove the Ni. As shown
in Fig. 2a, a series of ordered and uniformly sized cells are enwrapped by
the WC skeleton (the etched surface of all the BHS coatings are shown in
Fig. S7). The WC grains are mostly lamellae, and the networking
structure is composed of the pile-up of numerous lamellar WC pre-
cipitates. To further identify the microstructure at the Ni-WC interfaces,
TEM characterisation was carried out for the BHS-b coating. The STEM
image (Fig. 3b) c clearly shows that the WC precipitates are embedded in
the Ni matrix. Stacking faults were observed according to the HRTEM
images (Fig. 3c—d). The magnified HRTEM images and the correspond-
ing selected area electron diffraction (SAED) patterns (Fig. 2d) show that
the precipitates and the matrix in the laser-remelted layer are HCP WC
and FCC Ni, respectively, which is consistent with the XRD spectrum
(Fig. 2b). It is noteworthy that there is a complexion of WCy at the WC/
Ni interface according to the sudden contrast change at the interface
(Figs. 2d and Fig. 3c—d), which was also reported in WC-Co cemented
carbides [33,34]. As shown in the magnified HRTEM image (Fig. 2d),
2-5 atomic layers in the complexion are distributed at the WC(0001)/Ni
interface.

3.2. Mechanical properties

As cavitation erosion relies on surface mechanical properties of
materials, nano-indentation and Vickers hardness tests were performed,
and the results are given in Fig. 4 (the indented surfaces are shown in
Fig. S8 and Fig. S9). The BHS-b coating took the heaviest load with the
greatest strain recovery (Fig. 4a), indicating its capability of absorbing
elastic deformation energy. This agrees well with the BHS-b coating
exhibiting the highest HITz/EIT ratio (Table S2), representing the ability
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Fig. 2. Microstructural characteristics of the BHS-b coating.

a, SEM images showing the region with a single molten pool, polished cross-section, and etched surface. The width of the molten pool is ~500 pm, which is close to
the diameter of the laser beam. Bands of large WC grains, as indicated by the yellow arrows, are observed at the edge of the molten pool, which are also observed in
the other laser-remelted Ni-WC coatings (shown in Fig. S5). b, XRD spectrum of the laser-remelted coating, identified all the peaks as Ni and WC phases. The spectra
of the other coatings were given in Fig. S6 ¢, TEM-EDX mappings of the coating. d, HRTEM images (sectioned from Fig. 3c—d) and SAED patterns of the coating,
where complexions formed by layers of WC, at the interface between Ni and WC grains. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)

to absorb elastic deformation energy. The BHS-b coating also has the
largest area enclosed by the load-displacement curve and the X-axis
(Fig. 4a), suggesting that the BHS-b coating absorbed the greatest plastic
deformation energy (among all the samples shown in Fig. S10).
Furthermore, the largest Hyr/E;7 ratio, which indicates the resistance to
contact damage caused by stress pulse attack, was also achieved by BHS-
b coating (Table S2). As for the Vickers hardness (Fig. 4b), the BHS-b
coating exhibited a value of 441 Hv, and the AS coating showed a
value of 406 Hv. The augmented hardness of the BHS-b coating could be
attributed to the good bonding between Ni and WC phases by the wet-
ting during the laser remelting process. In addition, the network formed
by the Ni-WC sandwich structure at the interfaces could also contribute
to the augmented hardness.

3.3. Ultrahigh cavitation erosion resistance of the biomimetic coatings

The rate of volume loss (Vo) of stainless steel 316L (316L SS) and
the BHS-b coatings subjected to cavitation erosion is shown in Fig. 5a
(the data of cumulative volume loss (V) and rate of volume loss (Vigss)
of all the samples are given in Table S3 and Table S4). The BHS coatings
exhibited lower volume losses and erosion rates compared with the AS
coating and 316L SS. The lowest volume loss at the 10th hour was
achieved by the BHS-b coating, which was only 7% and 33% that of the
AS coating and 316L SS, respectively. In addition, the Vo of all the
samples became stable after exposure to cavitation erosion for 7 h, and
the average Vi, (after the 7th hour) of the BHS-b coating is 9% and 30%
that of the AS coating and 316L SS substrate, respectively, indicating the
excellent resistance to cavitation erosion of the BHS-b coating.

To further assess the anti-cavitation performances of the coatings,
relative cavitation erosion resistance (R.) versus microhardness of the

Ni-WC coatings were summarized, and a comparison (Fig. 5b) was made
with other reported engineering materials [10,35-48]. The detailed
description about R, is given in Fig. S11. As shown in Fig. 5b, the R, of
the BHS coating (17.8, BHS-CS in the figure) is much higher than that of
the other engineering materials. As restricted by the cold-spraying
technique, the distribution of WC particles in the AS coating is not ho-
mogeneous (about 25 + 5% in volume). Thus, spark plasma sintering
(SPS) was used to prepare the coatings with uniformly distributed WC
particles and a fixed content (25 vol%) of WC (detailed data for the
cumulative volume loss and the erosion rate are given in Table S3 and
Table S4). As shown in Fig. 5b, the laser-remelted SPS Ni-WC sample
(BHS-SPS in the figure) exhibits extremely superior resistance to cavi-
tation erosion. The R, value of the BHS-SPS coating is 56.6, which is
approximately 27 and 23 times that of the AISI 316 stainless steel and
nickel aluminium bronze (typical engineering alloys for cavitation
erosion resistant applications), respectively. The superior cavitation
erosion resistance of the BHS-SPS might be attributed to the even less
defects and more homogeneous distribution of the Ni-WC eutectic
network compared with the other BHS coatings (Fig. S12). Despite the
dramatic increase in R., the microhardness of the BHS-SPS coating
(<450 Hv) remains unchanged compared to that of the BHS coatings,
indicating that the microhardness is not the only factor that influences
the resistance to cavitation erosion. For typical engineering alloys, apart
from 16Cr-5Ni with a R, of 6.4, the others have the R, of less than 5.
Studies showed that grain boundaries and phase boundaries in alloys
tend to be preferentially attacked by cavitation impact, resulting in poor
resistance to cavitation erosion [9,10,43,49-51]. Typical engineering
ceramics usually have extremely high hardness (>1000 Hv) but do not
present outstanding resistance to cavitation erosion (R varies from 1.6
to 7.7). This is possibly attributed to their brittleness and inability to
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Fig. 3. TEM characterisation of the BHS-b coating.

Stacking faults

y

a, SEM image of the specimen being cut by the focused ion beam. b, STEM image of the specimen. c¢-d, HRTEM images of the specimen, where the squared regions
enclosed by black dashes correspond to the magnified HRTEM images in Fig. 2d. Complexions and stacking faults were observed, which are highlighted by red and
white arrows. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

inhibit crack propagation during cavitation erosion. For typical engi-
neering coatings, the microhardness varies from 600 to 1500 Hv, and
their R, value range is quite broad, ranging from 0.2 to 12.8. It is worth
noting that although the microhardness of the BHS coatings in this work
is much lower than that of typical engineering coatings and ceramics,
ultrahigh cavitation erosion resistance was achieved, possibly attributed
to the unique bio-mimic hierarchical structure.

The morphological changes of the AS and BHS-b coatings exposed to
cavitation erosion are presented in Fig. 6 (the others are shown in
Fig. S13). The cavitation craters and the exposed WC particles are seen
in the AS coating (Fig. 6a&c). The profile of the crater is smooth, indi-
cating the removal of a WC particle by cavitation erosion (Fig. 6a). The
profile of the crater is smooth, indicating the removal of a WC particle by
cavitation erosion. For the BHS-b coatings, almost no large crater is
observed. The cross-sectional SEM image (Fig. 6d) also shows that the
eutectic Ni-WC networks may impede crack propagation during cavi-
tation erosion. In addition, statistics for the depth of the cavitation
craters are also given in Fig. 6e—f (according to the 2D contours given in

Fig. S14). The BHS-b coating did not exhibit any deep cavitation craters,
suggesting its better resistance to cavitation erosion than the other
materials.

In addition, it is also worth mentioning that the BHS-a and BHS-c
coatings also exhibited remarkable cavitation erosion resistance, but
not as good as the BHS-b coating (Fig. S13, Table S3 and, Table S4). For
the BHS-a coating, this could be attributed to the thinner BHS network
and sudden detachment of the unmelted WC particles (Fig. S7al). For
the BHS-c coating, the pre-existing pores may compromise its resistance
to cavitation erosion (Fig. S7cl).

3.4. Numerical modelling of the nacre-like hierarchical structure

The nacre-like sandwiched nanostructure of the eutectic Ni-WC may
contribute to the enhanced resistance to cavitation erosion (our testing
showed that abalone nacre exhibited good cavitation erosion resistance
in Fig. S15). Furthermore, as literature reported that the nanostructure
of nacre can effectively dissipate energy [52], we suppose the nacre-like
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nanostructure proposed in this work may dissipate the energy from the
microjets and shock waves generated by the implosion of cavitation
bubbles.

To further gain insight into the nacre-like sandwiched nanostructure,
the stress evolution of pure Ni structure and Ni-WC sandwiched struc-
ture is extracted and shown in Fig. 7a (a detailed demonstration is given
in Fig. S16, Movie S1, and Movie S2), in which only a quarter of the
structures are given by considering the symmetry. The compressive
stress dominated the stress change in both pure Ni and Ni-WC structures
at 0-40 ps, and the tensile stress appears due to the transverse inertia
effects at 45 ps. An interesting phenomenon is that the tensile stress is
relatively small in the Ni-WC structure as compared to the pure Ni,
which can be explained by the relatively large elastic modulus and high
density of WC as well as the reduced tensile stress of the structure caused
by transverse inertia effects [32]. The failure of elements occurred in
both pure Ni and Ni-WC structures at 45-100 ps, which can be recog-
nized as the failure of the elements of the upper surface caused by
compressive stress and failure of the elements of the inner structure
caused by tensile stress-induced spallation event [32,53]. Regarding the
number of failure elements, the pure Ni structure exhibited more failure
elements than the Ni-WC structure at 50-70 ps. This explains the

Microhardness, Hv

inhibition of crack growth at the Ni-WC eutectic network and mitigation
of spallation at the Ni-WC interfaces. Furthermore, the tensile stress in
the Ni-WC structure is distinctly lower than that in the pure Ni structure
at 60 ps, implying that such a sandwiched structure dissipates energy
efficiently. There is only little compressive stress in the Ni-WC structure
at 70 ps. The tensile stress in the Ni-WC structure reaches the equilib-
rium state at 100 ps, while relatively high tensile stress remains in the
pure Ni structure. It is noteworthy that spallation occurred in both the
pure Ni and the Ni-WC sandwich structures at 50 ps. The spall event is
located 20-160 nm below the upper surface of the pure Ni structure,
whereas it is in 20-100 nm of the Ni-WC sandwich structure.

Supplementary video related to this article can be found at http
s://doi.org/10.1016/j.compositesb.2022.109730

The stress change of the pure Ni structure and the sandwiched Ni-WC
structure along the Z-direction is shown in Fig. 7b. With the depth in-
crease from 50 nm to 400 nm, the tensile stress amplitude in the sand-
wiched Ni-WC structure is significantly lower than that in the pure Ni
structure. The reason likely lies in the multiple interfaces in the sand-
wiched structure, which contributes to the reflection and the over-
lapping of stress waves for enhanced energy dissipation efficiently. The
change of energy dissipation in the pure Ni structure and the
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2D contours given in Fig. S14.

sandwiched Ni-WC structure is shown in Fig. 7c. It is noted that the
dissipated energy of the sandwiched Ni-WC structure is larger than that
of the pure Ni structure at 200 ps. In the Ni-WC structure, Ni accounts for
78.6% of the total mass, while its internal energy is 2.1% higher than the
pure Ni structure. The kinetic energy of the whole structure is only
63.5% of the pure Ni structure at 200 ps, which indicates that each WC
layer would add two more energy-dissipating interfaces in the sand-
wiched Ni-WC structure and each interface would facilitate energy
dissipation. A schematic diagram showing the failure mechanism of pure
Ni structure and the Ni-WC sandwiched structure is presented in Fig. 7d.

4. Discussion

The cavitation erosion resistance of the BHS coatings greatly exceeds
that of the AS coating (Fig. 5a), but the improvement of the mechanical
properties of the BHS coatings is not that much (Fig. 4). In addition, the
BHS coatings exhibit much lower microhardness than the other common
engineering coatings but surprisingly show much better resistance to
cavitation erosion (Fig. 5b). These indicate that other factors are
contributing to the excellent cavitation erosion resistance of the BHS
coatings, such as microstructure, which also highly relates to the cavi-
tation erosion behaviour of materials [54,55]. Thus, we attribute the
excellent cavitation erosion resistance of the BHS coatings to the
improved cohesion of phase boundaries, the particles to lamellar shape
transformation of WC grains, and the unique BHS providing damage
control and energy dissipation during cavitation erosion.

As shown in Fig. 6a&c, the AS coating exhibits sudden detachment of
large WC particles from the Ni binder, leaving craters on the surface
during cavitation erosion. This is because the bonding between metal
matrix and ceramic particles is mainly mechanical interlocking for the
cold-sprayed coating [56,57]. Thus, the ceramic particles could be easily
detached from the cold-sprayed cermet coating when subjected to

cavitation erosion. In addition, the sudden detachment of large WC
particles also results in a large sudden volume loss, which explains the
huge fluctuation of Vi, and Vi, of the as-sprayed coating during
cavitation erosion (Fig. 5a, Table S3 and Table S4). However, such
sudden detachment did not happen for the BHS coatings (Fig. 6b&d),
which is likely attributed to the enhanced interface bonding between the
precipitated WC grains and the Ni matrix. As opposed to the mechanical
interlocking of the cold-sprayed coatings, the SEM and STEM images
(Figs. 2a and 3b) clearly show that WC grains are closely bound to the
surrounding Ni matrix, resulting in improved cohesive phase boundaries
between Ni and WC. Furthermore, the SEM images of the indented
surfaces of the coatings (Fig. S9) show microcracks on the indented AS
coatings at the interfaces of the Ni-WC boundaries and within the Ni
matrix, but no microcracks on the BHS coatings were observed, indi-
cating enhanced boundary bonding by the laser-remelting. It is also
worth mentioning that the formation of the complexions (Figs. 2d and
Fig. 3c—d) at the phase boundaries during liquid-phase sintering of WC
might improve wetting of WC by the liquid metal binder, providing an
increased interface strength [34].

Apart from the strengthened Ni-WC interfaces, such remarkable
improvement of cavitation erosion may also be attributed to the shape
transformation of WC from particles to lamellas and the unique BHS. For
the as-sprayed coating, the protection on the Ni matrix provided by the
cover of WC particles is limited due to the large area uncovered. For the
BHS coatings, the precipitated WC grains are lamellae, and these groups
of WC lamella completely wrapped and enclosed the Ni, offering suffi-
cient protection against cavitation erosion. Furthermore, the Ni-WC
networks form a cuttlebone-like cellular microstructure, which pro-
vides a damage control effect. As shown in Fig. 6d, it is suggested that
such cuttlebone-like cellular microstructure can inhibit crack propaga-
tion and constrain the crack to be within an individual unit. Compared
with the surface of the AS coating, the surface of the BHS coating is much
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smoother after exposure to cavitation erosion for 10 h (Fig. S14). The
depth of the cavitation craters of the BHS-b coating is only ~8 pm, while
that of the as-sprayed coating is ~90 pm. Moreover, the statistical
analysis of the depth of cavitation craters (Fig. 6f and Fig. S13b3-d3)
also shows that the BHS coatings do not exhibit any deep cavitation
crater. These have suggested that the eutectic Ni-WC network in the BHS
coatings can effectively inhibit the growth of the cracks, providing
damage control to the coatings during cavitation erosion. Meanwhile,
the precipitated WC grains strongly bind to the Ni matrix, and their
newly formed lamellae interlock with the Ni matrix, in turn benefiting
the inhibition of crack propagation.

The numerical modelling results further support the hypothesis that
the nacre-like sandwiched Ni-WC structure can facilitate the cavitation
erosion resistance, and the mechanism is depicted in Fig. 7d. The nacre-
like sandwiched Ni-WC structure between adjacent Ni grains could
effectively reduce the tensile stress. Thus, both the transverse inertia
effect and the reflection and overlapping of stress waves play together.
Consequently, the depth of spallation is reduced. In addition, such a
sandwiched structure provides more interfaces to promote reflection of
the stress waves, thereby improving the energy dissipation capacity for
remarkable cavitation erosion resistance.

5. Conclusion

In summary, inspired by the microstructures of the cuttlebone and
the abalone nacre, a new bio-mimic hierarchical Ni-WC structure was
designed and constructed by laser-remelting treatment of pre-deposited
Ni-WC composites. The coatings with bio-mimic hierarchical structure
exhibited remarkable resistance to cavitation erosion. The best BHS
coating showed the resistance to cavitation erosion with up to 27-fold
improvement in the relative cavitation erosion resistance (R.)
compared with common engineering alloys. Such remarkable cavitation
erosion resistance is ascribed to the inhibition of crack propagation by
the designed network of sandwiched Ni-WC structure, the improvement
of bonding strength at phase boundaries, and the lamellar WC grains
interlocked with Ni matrix. Furthermore, numerical modelling results
revealed that the sandwiched Ni-WC structure could effectively reduce
the tensile stress and improve the energy dissipation capacity of the
coating when subjected to a burst of cavitation bubble. The improve-
ment is attributed to the transverse inertia effect, reflection, and over-
lapping of stress waves. Our findings emphasize the relevance of the bio-
mimic hierarchical structure to the designing of advanced cavitation
erosion resistant materials and provide new insight into the ways of
achieving ultrahigh cavitation erosion resistance. Apart from cavitation
erosion resistance, we envisage the possibility of promoting the devel-
opment of a range of other cermet coatings and bulk materials with
similar structures for various applications.
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