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Abstract: Nano-modified multimodal and conventional
Cr3C2–NiCr coatings were fabricated by high-velocity oxygen-
fuel spraying deposited on CuCrZr substrates. Results showed
that individual nano-modified multimodal Cr3C2–NiCr
particles were composed of nano (25−180 nm), submicron
(200 nm to 0.5 μm), and micron (2–4.5 μm) Cr3C2 grains,
NiCr binder phases, and a tiny amount of rare earth oxide
additives. The nano-modifiedmultimodal Cr3C2–NiCr coat-
ings maintained a unique structure: submicron Cr3C2 grains
embedded in the voids formed by micron Cr3C2 grains, NiCr
binder phases and nano Cr3C2 grains imbedded in the voids
formed by submicron and micron Cr3C2 grains, and nano
Cr3C2 grains are dispersed in NiCr metal binder phases. A
few discontinuous elongated amorphous and nanocrystal-
line phases existed in them. The mechanical interlocking
was the dominant bonding mechanism accompanied by
local metallurgical bonds. Compared to the conventional

coating, the multimodal coating was uniform and dense
(porosity was 0.3 ± 0.12%) as well as not obvious lamellar
structures, the adhesive strength was 75.32 ± 1.21 MPa,
exhibiting a 65 pct increase, and the microhardness was
increased by about 18%. The lower porosity and higher
strength of nano-modified multimodal structure coating
were mainly related to dispersion distribution and syner-
gistic coupling effects of Cr3C2 hard grains with different
scales.

Keywords:multimodalmicrostructure, HVOF, nano-modified,
Cr3C2–NiCr coatings, characteristics, depositing mechanism

1 Introduction

Thermal spraying technology finds application in aero-
space, automobile, textile, and mining industrial fields.
The high-velocity oxygen-fuel (HVOF) deposition process,
due to its high velocity and low temperature, is generally
used to deposit metallic and cermet coatings [1]. The
deposition of coating shows a minor structural change
with a reasonable structural density during coating fabri-
cation by the HVOF spraying technique [2]. With high
impact velocities of the particles, the coatings of HVOF
spraying demonstrate superior performances, such as low
porosity, high density, hardness, and bonding strength [2].

The conventional Cr3C2–NiCr coatings have been employed
to apply carbide cermet coating on industrial equipment
due to its excellent resistance to wear, erosion, thermal
shock, and high-temperature stability in the thermal spray
community. Nowadays, researches on conventional Cr3C2–NiCr
coatings have mainly focused on their properties, such as
tribological properties [3–5] and corrosion resistance [6,7].
Other investigations have included studying manufac-
turing technologies of sprayed conventional Cr3C2–NiCr
coatings [8–12]. The properties of these coatings have
depended on primary factors including the variety of
deposition methods (parameters) and the microstructure
of coatings. However, the performances of conventional
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Cr3C2–NiCr coatings seemed to have certain limitations
and were generally difficult to breakthrough.

Some researchers have showed that small additions
of the Cr3C2–NiCr coating improved its properties [13–16].
Matthews et al. [17] have explored a novel method to
improve the properties of Cr3C2–NiCr coatings. Besides,
some studies have focused on the nanostructured Cr3C2–NiCr
coatings [18,19]. In contrast, the nanostructured coatingswere
challenging to retain the nanostructural features of original
powders due to too high spraying temperature and/or too
long dwell times, causing the partial or total loss of the nano-
structural character [20]. This needs to monitor in-flight par-
ticle temperature and velocity but increases the production
cost. Due to fewer defects, the properties could be improved
perfectly by introducing the fine fillers in the conventional
coatings [21]. In recent years, some researchers have reported
bimodal and multimodal structure carbide cermets coatings
of the same type, such as WC-Co and TiC-Fe [22–28].

To overcome the problem of the property limitations
of conventional Cr3C2–NiCr coatings and reduce proces-
sing costs, the nano-ceramic coating team of professor
Wang You of the nano surface engineering laboratory of
the Harbin University of Technology has developed a
nano-modified multimodal structure Cr3C2–NiCr powder.
There are limited studies on the microstructure, depos-
iting mechanisms, and performance of nano-modified
multimodal Cr3C2–NiCr coatings, and the potential of
these coatings needs further research and development.

In this present study, the nano-modified multimodal
and conventional Cr3C2–NiCr coatings prepared on CuCrZr
by HVOF spraying have been investigated. Themicrostruc-
ture features, phase composition, and mechanical proper-
ties of both coatings have been comparatively studied.
Finally, the depositing mechanisms of the multimodal
Cr3C2–NiCr coatings have been researched in detail.

2 Experimental procedure

2.1 Materials

In the present work, two kinds of Cr3C2–NiCr powders
were used as feedstock, namely, conventional Cr3C2–NiCr
powders (Chongyi ZhangYuan Tungsten Co., Ltd.) and
nano-modified multimodal Cr3C2–NiCr powders (Fujian
Dilon Innovation Development Co., Ltd.), marked as CP
and MP, respectively. The powder size exhibited dimen-
sions and distributions of 15–45 μm. The obtained coatings
were marked as CC and MC, respectively.

2.2 HVOF spraying process

The CuCrZr substrates were ultrasonically cleaned with
acetone and sandblasted with Al2O3, then subsequently
cleaned with pressurized air and preheated over 200°C
before spraying. The CP and MP were deposited on
CuCrZr substrates using an HVOF spraying system (HV-
80-JP), and the average thickness of the coating was
200 μm. The optimized spraying parameters are summar-
ized in Table 1.

2.3 Microstructural characterizations

Scanning electron microscopy (SEM; SU8020, HITACHI,
Japan)was used to observe themorphology andmicrostruc-
ture of the powders, the original surfaces, and polished
cross sections of the coatings, and the corresponding ele-
ment distribution was analyzed by energy-dispersive spec-
troscopy (EDS; Super X, FEI, USA). The proportion of nano,
submicro, and micro grains was obtained by selecting
random 20 magnification of 5000× SEM microphotographs
of powders, calculating the area of each size and taking the
average value. The porosities of the coatings were evaluated
by using Image-Pro® Plus v 6.0. In this case, at ten magni-
fication of 500×, polished cross-sectional SEM microphoto-
graphs were taken randomly and the average value was
calculated. For the investigations of the phases composi-
tion, the feedstock particles and the polished surfaces of
coatings were characterized by the X-ray diffraction (XRD;
UltimaIV, Rigaku, Japan) employing Cu-Kα radiation (λ =
1.5418 Å) at 40 kV, 40mA and 0.02°/step, the scanning
rate was 8°/min with the range of 20° ≤ 2θ ≤ 100°. The
crystallographic structures of the nano-modified multi-
modal Cr3C2–NiCr coatings were further characterized by
high-resolution transmission electron microscopy (TEM;

Table 1: HVOF spraying parameters of as-sprayed Cr3C2–NiCr
coatings

Parameters Value

Fuel type Kerosene
Fuel flow rate (l·min−1) 19–23
Oxygen flow rate (l·min−1) 40–53
Powder feed rate (g·min−1) 50–70
Carrier gas type N2

Carrier gas flow rate (l·min−1) 7
Stand-off distance (mm) 250–320
Number of cycles 10
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Tecnai G2 F30, FEI, USA), and the TEM samples were pre-
pared by the focused ion beam.

2.4 Mechanical properties evaluations

The resulting coatings were evaluated concerning their
microhardness and adhesive strength. The cross-sectional
microhardness of the coating was carried out using the
microhardness tester (HVT-1000A, Shandong shancai Test
Instrument, China) with an applied load of 300 g (HV0.3)
and a hold time of 15 s. To obtain the stability of the data,
the microhardness was based on the average value for
random 12 points in different areas. The adhesive strength
of the coating was tested by a universal tensile test machine,
and the values were the average of three samples.

3 Results and discussion

3.1 Characterization of the feedstock
powders

3.1.1 Powder morphology

The Cr3C2–NiCr feedstock powders were characterized
with respect to their particles’ morphology and shape,

microstructure, apparent density, composition and ele-
ments distribution, and phase analysis. Figure 1 illus-
trates the SEM micrographs of CP and MP.

It can be seen that CP exhibits highly spherical mor-
phology (Figure 1a), indicating the good flow ability
during the HVOF process, and MP exhibits irregularly
crashed disk agglomerates (Figure 1d). This morphology
is attributed to the continuous collisions of the ball and
the particles inducing severe deformation during the
mechanical milling. By viewing the powders at higher
magnification, it is possible to observe that CP has rela-
tively smooth surfaces (Figure 1b), the surface of MP is
surrounded by fine grains, typical of an agglomerated
and sintered powder (Figure 1e). Figure 1c and f present
cross-sectional views of the feedstock powders. CP shows
many voids (Figure 1c), and MP appears a homogenous
and dense microstructure (Figure 1f), which modifies
with the densification treatments. The structure in the
interior of MP consists of micron and submicron carbide
grains embedding into the metal binder phases. The
agglomerated nano-sized grains fill in the voids of MP,
which contribute to obtaining dense coatings, as illu-
strated in the rectangle ① in Figure 1f. The outer layer
of MP is surrounded by a NiCr binder shell (rectangle ②
contains primarily Ni and Cr analysis to be the metallic
binder; Table 2) with a wall thickness of 0.5–1 μm, as
illustrated in the rectangle ② in Figure 1f.

Figure 2 presents the partial outside view of indivi-
dual powder. As can be seen, the original crystal grains of
individual CP particles consist of micro-size (2–4.5 μm)

Figure 1: SEM images of Cr3C2–NiCr powders: (a, b, c) CP; (d, e, f) MP.
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(Figure 2a), while the original crystal grains of individual
MP particles are composed of 11.5 wt% nano grains
(25−180nm), 34.6wt% sub-micro grains (200nm to 0.5μm),
and 53.9wt% micro grains (2–4.5μm; Figure 2b).

According to the EDS results (Table 2), CP consists
mainly of C, Cr, and Ni, and this is the same chemical
composition as MP, but MP contains rare earth oxide
additives. As is well known, the rare earth oxide additives
possess an active chemical property and sizeable atomic
radius [16]. Consequently, it is generally induced segre-
gations on the surface of the grain and inhibits the grain
heterogeneous growth. Moreover, adding REO also can
accelerate the dissolution of the hard reinforcement parti-
cles, and then a refined microstructure can be formed [16].

The coarse grains (like A) and fine grains (like B) of
CP (Figure 2a) contain higher levels of Cr and C; thus,

both of the two regions are considered to be the carbides.
For the MP (Figure 2b), the coarse grains (like C and D)
and fine grains (like E) are greater contents of Cr although
a minor amount of Ni exists, indicating the carbides. The
formation of the structure can be explained that a large
number of carbide particles are fractured and embedded
into the metallic binder during the mechanical milling
process. Thus, the metallic binder was present in the
gaps between fractured carbide particles, giving the result
that Ni is observed in the carbides. Similarly, most of the
metallic binder is combined with fractured carbide parti-
cles. Clearly, the metallic binder was not a completely pure
NiCr solid solution, and it contained some carbide parti-
cles [18].

Therefore, eachMP particle was amultimodal agglom-
erate, which consisted of micron, submicron, and nano
Cr3C2 grains, NiCr metal binder phases, and rare earth
oxides. It formed a three-layer structure: the inner core
was composed of micron and submicron carbide cermet
embedded into the metal binder phases, the outer layer
was a metal binder shell that surrounded the inner core,
and the outermost layer adsorbed with different size sub-
micron and nano Cr3C2 grains and rare earth oxides, which
covered the metal binder shell.

3.1.2 Phase composition

Figure 3 shows the XRD spectra of the Cr3C2–NiCr pow-
ders and coatings. As can be observed, Cr3C2 and (Cr, Ni)
crystalline phases were detected in CP and MP (Figure
3a), which showed a similar phase composition for these
two powders. The diffraction intensities of REO additives
existing in the crystallographic form were too weak to be
detected in MP.

Table 2: Elemental composition of specific regions of Cr3C2–NiCr
powders (wt%)

C Cr Ni REO Others

CP Coarse grains
(like A)

7.44 91.27 0.96 0.00 0.33
14.87 83.98 0.92 0.00 0.23
11.34 87.26 1.03 0.00 0.37

Fine grains (like B) 10.78 88.16 1.02 0.00 0.04
11.19 85.34 3.39 0.00 0.08
14.57 81.51 3.72 0.00 0.20

MP Coarse grains
(like C)

12.21 85.30 1.26 1.08 0.15
3.59 86.70 1.56 7.81 0.34

Coarse grains
(like D)

3.96 77.19 3.32 15.34 0.19
14.95 81.39 1.48 2.09 0.09

Fine grains (like E) 12.76 85.14 1.23 0.68 0.19
9.38 85.47 1.55 3.28 0.32

Rectangle ② 1.60 16.65 77.39 4.16 0.20
3.77 49.52 43.85 2.59 0.27
6.55 59.47 26.12 7.68 0.18

Figure 2: SEM images of Cr3C2–NiCr powders: (a) CP and (b) MP.
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3.2 Characterization of the coatings

3.2.1 Phase composition

As shown in Figure 3b, the major diffraction spectra peaks
of both the coatings could be associated with Cr3C2, Cr7C3,
Cr23C6, and (Cr, Ni) phases. The ratio between the peak at
40.209° and the highest one at 39.022°, and the relative
diffracted peak of Cr3C2 phase in MC (0.90) were signifi-
cantly lower than for CC (1.25), which revealed various
amounts of decarburization or interdiffusion of carbides in
MC [29]. Meanwhile, the diffraction peaks at 42.183–44.835°
for MC can be clearly observed broader than the related
peaks for CC, indicating the presence of the nonequilibrium
microstructure composed of partly amorphous and/or
nanocrystalline phases [30]. This might be attributed to
the fact that the dissolution of Cr and C could perform
in the Ni phase at high temperatures, while it is difficult
to crystallize due to the rapid solidification during the
HVOF process. Furthermore, its initial nanometric grains
of MC can be maintained even after the HVOF spraying
due to the lower temperature and shorter residence
time [31].

The new diffraction spectra of Cr7C3 and Cr23C6 were
detected in the two Cr3C2–NiCr coatings due to the dec-
arburization of Cr3C2, and the diffraction peak overlap at
2θ = 44.16°. When in-flight Cr3C2 particles were heated by
jet flame or during coating formation, the following phase
transformations or reactions could occur:

→ +7Cr C 3Cr C 5C,3 2 7 3 (1)

→ +23Cr C 3Cr C 28C,3 2 23 6 (2)

→ +23Cr C 7Cr C 27Cr,7 3 23 6 (3)

+ → + →C O CO or 2C O 2CO.2 2 2 (4)

Liquid–solid reactions occur within cermet particles
when the ceramic particle, in the solid state, is partially
dissolved in the surrounding liquid metal [32]. The NiCr
binder phases could fully melt (melting point of 1,690 K)
during the high-temperature flame of HVOF spraying.
The metallic chromium (Cr) and carbonium (C) in the
outer layer of chromium carbide (Cr3C2) particles are
wetted by molten liquid NiCr, then dissolved, and rapidly
diffused into the liquid nickel. These phenomena are fol-
lowing the Arrhenius law, and the reaction rate increases
drastically with the particle superheat [32].

A certain part of the free carbon reacts with oxygen
that entrained externally into the molten NiCr phases to
form CO gas, and the other part continues to spread
toward the surface of the liquid NiCr to react with oxygen
in the atmosphere to form carbon oxide gases (CO or CO2)
bleeding to the atmosphere. Therefore, metastable car-
bides (Cr7C3 and Cr23C6) may form at the interface of
Cr3C2 and NiCr phases. Furthermore, dissolved carbon is
lost as CO or CO2 gases [33], which promotes the forma-
tion of Cr7C3 and Cr23C6 phases.

3.2.2 Microstructure

Figure 4 observes closely packed particles and predomi-
nantly rough surfaces on the top coatings. Such struc-
tural features are the typical morphology of thermal spray
coatings. The surface particles of MC were finer than CC,
as illustrated in Figure 4a–c, those were quite similar to
the initial powders. For the case of CC, the as-sprayed
coatings were built-up by a certain amount of micron-

Figure 3: XRD patterns of Cr3C2–NiCr powders and coatings: (a) feedstock powders and (b) both the coatings.
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sized grains (Figure 4b). For the case of MC, submicron
Cr3C2 grains embedded in the voids formed by micron
Cr3C2 grains, NiCr binder phases and nano Cr3C2 grains
imbedded in the voids formed by submicron and micron
Cr3C2 grains, and nano Cr3C2 grains are dispersed in NiCr
metal binder phases, those formed the unique multi-
modal structure coatings (Figure 4d). A magnified region
within the rectangle in Figure 4c displays a certain
amount of near-globular shape micro grains that form
the agglomerate. Such agglomerated reaction might be
due to the higher surface-to-bulk ratio and chemical reac-
tivity of the nano-sized particles that lead to a strong
surface effect. In addition, partial nano-sized particles
connected with each other to promote the formation of
larger agglomerates during the Brownian movement. In
addition, nano particles with high specific surface areas
possessing strong surface tension may be another reason
for the agglomerated reaction.

Table 3 lists EDS surface scanning information of
Cr3C2–NiCr powders and coatings. EDS analysis revealed
that both coatings contain small amounts of oxides (not
detected peaks in the XRD pattern) and MC oxygen con-
tent higher than that of CC, which contains 5.59 (wt%)
and 2.30 (wt%), respectively. The presence of oxides

might be attributed to the fact that most spray experi-
ments are performed in the atmosphere. On the one
hand, the surfaces of the metallic matrix form the oxide
regions by preheating, and powders impact the oxide
layer existing on the metallic matrix surface. On the other
hand, powders also are oxidized both in-flight or during
deposition because oxygen in the atmosphere is entrained
within the high-energy jet and reacts with the high-tem-
perature particles in-flight. In addition, the oxygen working
with HVOF equipment is always excessive, and the residue
oxygen may also react with the hot in-flight particles [34].

Furthermore, EDS results of carbon content were
investigated: 15.50 (wt%) and 11.96 (wt%) for CC and
MC, respectively. Another problem related to carbide

Figure 4: SEM images of Cr3C2–NiCr coatings top surface: (a) CC, (b) higher magnification view of CC, (c) MC, and (d) higher magnification
view of MC.

Table 3: Elemental composition of Cr3C2–NiCr powders and coat-
ings (wt%)

C O Cr Ni REO

CP 71.73 0.00 26.11 2.16 0.00
MP 68.87 0.00 24.09 5.39 1.65
CC 15.50 2.30 56.34 25.87 0.00
MC 11.96 5.59 59.95 21.06 1.44
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cermets coatings is linked to decarburize, especially for
nano-sized coating. The degree of decarbonization of MC
is higher than that of CC due to the larger surface area-to-
mass ratio of the nano-sized particles, even under HVOF
spraying conditions.

Figure 5 illustrates the secondary electron images
of the cross-sectional microstructure of the two coatings.
The low magnifications are exhibited to provide an over-
view of the cross-sectional coating microstructure
(Figure 5a and b). The typical lamellar microstructures
of thermal spray coatings exhibit in CC (Figure 5c); how-
ever, those are not obviously observed in MC (Figure 5d).
The cross sections of both coatings can be observed as
cracks and pores, especially in CC. It has been shown
that the defects of sintering technology induce the exis-
tence of unfilled pores and cracks in Cr3C2–NiCr feedstock
powders [35,36], and vapors and gases stagnate on the
substrates to be sprayed. Moreover, the major defects of
lamellar stacking are interlamellar pores [20], and unmelted
or resolidified particles remaining in the coating structure
may be another source of the pores. In addition, for cermets
sprayed with gases that accelerate dissolution in in-flight
particles, these gases are not fully released during the short
residence times in the jet, thus trapping into the splat [37].

The initiation of the cracks may be attributed to the
cracks in powders as mentioned earlier, living in coatings

and the lack of melting of NiCr metallic binder, and
reduced bonding interfaces, as illustrated in rectangle
① in Figure 5c. In other respects, the cracks are formed
by thermal expansion coefficients mismatch between the
Cr3C2 hard carbides and NiCr metallic binder following
the nonequilibrium solidification process, as illustrated
in rectangle ② in Figure 5c. In addition, the combination
of cohesive failure around peripheral lamellae leads to
delaminations between lamellar layers [20]. Finally, owing
to the residual stresses generated within coating during
manufacturing processes.

As can be seen, the coatings consist of different shading
contrast zones of dark gray, medium graymixture, and light
gray, which can be distinguished by contrast lighter and
darker in the coating microstructure (Figure 5). Figure 6a–e
shows the elemental composition by EDS spectra at selected
parts of the dark-gray, medium-graymixture, and light-gray
zones. The dark-gray area of CC contained C and Cr; thus,
the dark-gray area was considered to be carbides. The light-
gray area observed C, Cr, and Ni; thus, the light-gray area
was neither pure carbides nor pure NiCr binder phase
(Figure 6a and b). At the medium-gray mixture area for
MC, some dark-gray nanometric particles dispersing into
the light-gray area are observed (the rectangle③ in Figure 5d).
EDS spectra reveal a composition of C, O, Cr, Ni, and REO in
this area (Figure 6e).

Figure 5: Cross-sectional SEM images of Cr3C2–NiCr coatings: (a and c) CC and (b and d) MC.
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Meanwhile, submicron-sized and micron-sized Cr3C2
grains are distributed uniformly in the coatings, i.e., the
multimodal distribution. Compared with CC, MC was
observed in a higher uniform and higher dense micro-
structure. MC exhibits lower porosity (0.3 ± 0.12%) than
that of CC (2.45 ± 0.15%; Figure 6f). Disparity in the
coating microstructures is influenced by original powder
morphology. This higher uniformity and density of MC
depend on the structural characteristics of MP (i.e., homo-
genous and dense microstructures). The aforementioned
process results in the complex microstructure, i.e., none-
quilibrium phase, varying contrast scale, and different car-
bides content, of the multimodal coating.

For a further detailed analysis of the microstructural
information of MC, the TEM bright-field image and corre-
sponding selected area electron diffraction (SAED) patterns
are shown in Figure 7. The single crystalline including
Cr3C2, Cr23C6, and Cr7C3 crystals was observed with high
magnification image and diffraction, which are marked as
A, B, and C in Figure 7, respectively, which were consistent

with the XRD results. The growth orientation of Cr3C2 crystal
in SAEDpatterns was exactly consistent with the orientation
facets [102] of the Cr3C2 crystalline structure, the growth
orientation of Cr23C6 crystal in SAED patterns was exactly
consistent with the orientation facets [111̅]̅ of the Cr23C6
single crystalline, and the growth orientation of Cr7C3
crystal in SAED patterns was exactly consistent with the
Cr7C3 single-crystalline of zone axis [013̅]̅.

A few discontinuous elongated amorphous phases
was clearly marked as D in Figure 7 and the diffraction
pattern demonstrated diffuse rings. The elongated amor-
phous phases were randomly distributed in MC. The
amorphous phase formation mainly are correlated to
the nonequilibrium solidification processes of the NiCr
binder. It is demonstrated that the multiple crystalline
phases constituted of Cr3C2, Cr7C3, Cr23C6, and NiCr, which
are marked E in Figure 7. Thosemultiple crystalline phases
constituted multiple crystal forms with different dimen-
sions, shapes, and orientations, thereby producing mul-
tiple types of diffraction spots and even diffraction rings.

Figure 6: EDS spectra and porosity of the cross-sectional coatings: (a and b) EDS spectra of CC, (c–e) EDS spectra of MC, and (f) porosity.
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Figure 7: TEM micrograph and diffraction spot patterns of the cross-sectional MC. (a) Cr3C2, (b) Cr23C6, (c) Cr7C3, (d) amorphous phase,
(e) multiple crystalline phase.

Figure 8: TEM micrograph and EDS elemental mapping for MC interface.
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This reveals once again that carbide nanocrystalline grains
with dimensions varying from 25 to 180 nm existed in the
MC microstructure.

Figure 8 depicts the TEM bright field imaging and the
EDS elemental mapping of the interface in Figure 7.
According to EDS elemental mapping, the interface is
mainly composed of REO, O, Cu, Ni, C, and Cr, and this
is attributed to the interdiffusion of the coating and sub-
strate. The observation of interfacial formations suggests
that mechanical interlocking is the dominant bonding
mechanism accompanied by local metallurgical bonds.

3.3 Mechanical properties of Cr3C2–NiCr
coatings

Figure 9 shows the average values of microhardness and
adhesive strength for both CC and MC. As shown in Figure
9a, MC had higher Vickers microhardness (985.85 ± 89.36
HV0.3) compared with CC (837.19 ± 70.12 HV0.3), taken on
the cross section. The adhesive strength of MC (75.32 ±
1.21 MPa) significantly improved compared to CC (45.59 ±
1.03MPa) and exhibited a 65 pct increase (Figure 9b). The
good values of microhardness and adhesive strength of the
multimodal coatings might be attributed to dispersion dis-
tribution and synergistic coupling effects of carbide grains
with different scales. Owing to the advantages of HVOF
technology (i.e., high velocity and low temperature), more
nano-scale carbide grains embedded into the multimodal
structure coating during deposition. According to the Hall–
Petch relationship, the smaller grains have resulted in coat-
ings with the larger microhardness [38]. In addition, the
sub-micro scale or micro scale carbide grains would tend

to interrupt or change crack path propagation, which would
enhance toughness of the multimodal coatings [20,39]. The
crack arresting effect shows that the mechanical properties
of multimodal coatings are better than the conventional
ones. For the conventional coatings, the crack tends to pro-
pagate along splat boundaries due to the weak inter-splat
adhesion. For the multimodal coatings, the inter-splat
adhesion is generally better and the coating is rather
homogeneous; thus, crack propagation is limited [32].

3.4 Depositing mechanism of nano-modified
multimodal structure Cr3C2–NiCr
coatings

For a better description of the mechanism of the multi-
modal structure coating formation, four stages are sche-
matically shown in Figure 10:

In the study, a single nano-modified multimodal
Cr3C2–NiCr particle is used as a starting material.
(a) In a solid state. As mentioned earlier, multimodal

Cr3C2–NiCr particle is an agglomerated material, which
consists of coarse (micron and submicron) and fine
(nano) Cr3C2 grains and NiCr binder phases. It forms a
three-layer structure: a multiscale chromium and nickel
carbide cermet core with a metal binder shell, which
was covered by submicron and nano chromium carbide
particles and rare earth oxide additives (see Figure 10a).

(b) Molten. However, grains of three different sizes have
different melting degrees when passing through the
flame in the HVOF gun. The melting of the original
particle exhibits a strong dependency on the spray
temperature and the grain size distribution. In the

Figure 9: Microhardness and adhesive strength of the Cr3C2–NiCr coatings. (a) Microhardness, (b) adhesive strength.
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case of the short dwell time in the HVOF jet and when
the temperature is low enough (not significantly
higher than the melting temperature of the original
powder), the NiCr binder phases will fully melt. The
nano Cr3C2 grains adhering to the surface will melt
with relative ease, leading to dissolving rapidly in the
binder phases. While the submicron and micron Cr3C2
grains in the inner core (melting point of 2200 K) will
remain partially melted or unmelted, but softened by
heating (see Figure 10b).

(c) Deformation. The particles in a molten state are flat-
tened upon impact and due to quench and solidifica-
tion, resulting in splats. While particles in the partly
melted or unmelted state were plastic deformation at
impact, and their consolidations were due to the shot
peening effect of the new incoming particles [32] (see
Figure 10c).

(d) Realignment. The particles realign after quenching
on the substrate. The coating cross section exhibits a
dense coating (see Figure 10d). The different sizes of
Cr3C2 grains are uniformly distributed throughout the
coating microstructure, half-melted or unmolten sub-
micron Cr3C2 grains filled in the voids formed by only
the heated and softened micron Cr3C2 grains, fully
molten NiCr binder phases and nano Cr3C2 grains
provide a strong and tough matrix in which the
micron and submicron grains embed and be held in
place [40], and nano Cr3C2 grains are dispersed in
NiCr binder phases [27].

The final microstructure of the nano-modified Cr3C2–
NiCr coating is characterized by a “multimodal structure,”
which is similar to concrete construction, formed by nano-
sized, submicron-sized, and micron-sized hard phases and
metallic binder phases. The micron-sized and submicron-
sized hard phases are analogous to gravel and sand in con-
crete, respectively, and the nano-sized hard phases and
metallic binder phases act as “cement” [26].

4 Conclusions

In conclusion, nano-modified multimodal and conven-
tional structure Cr3C2–NiCr coatings were deposited on
CuCrZr by HVOF thermal spraying. The microstructure
and mechanical properties of both coatings were com-
paratively studied. Besides, the depositing mechanism
of the nano-modified multimodal structure Cr3C2–NiCr
coatings have been described in detail. The main conclu-
sions are presented as follows:
1. A single nano-modifiedmultimodal Cr3C2–NiCr particle

consisted of 11.5 wt% nano grains (25−180 nm), 34.6%
sub-micro grains (200 nm to 0.5 μm), and 53.9% micro
grains (2–4.5 μm). It forms a three-layer structure: a mul-
timodal chromium and nickel carbide cermet core with a
metal binder shell, which were covered by submicron
and nano chromium carbide particles and rare earth
oxide additives.

2. The multimodal Cr3C2–NiCr coatings are formed by nano-
sized, submicron-sized, and micron-sized hard grains
and metallic binder phases. Submicron Cr3C2 grains
embedded in the voids formed by micron Cr3C2 grains,
NiCr binder phases, and nano Cr3C2 grains imbedded
in the voids formed by submicron and micron Cr3C2

grains, and nano Cr3C2 grains are dispersed in NiCr
metal binder phases. A few discontinuous elongated
amorphous and nanocrystalline phases existed in
them.

3. Compared with the conventional Cr3C2–NiCr coating,
the multimodal Cr3C2–NiCr coating is uniform and
dense as well as not obvious lamellar structures, and
the porosity is only 0.3 ± 0.12%.

4. The microhardness increased from 837.19 ± 70.12 HV0.3

for the conventional Cr3C2–NiCr coating to 985.85 ±
89.36 HV0.3 for the multimodal Cr3C2–NiCr coating.
The adhesive strength for MC (75.32 ± 1.21 MPa) signifi-
cantly increased to 65%, compared with CC (45.59 ±
1.03MPa).

Figure 10: Schematic of the formation of the multimodal structure coatings: (a) original particle, (b) molten part of the particle, (c) particle
deformation, and (d) cross section of the multimodal coatings.
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5. In consideration of the fact that the copper crystallizer,
the core component of continuous casting equipment
in the steel industry is mainly used as the working
layers by electrolytic hard chromium coatings, which
show poor performance, short life span, and serious
environmental pollution and harmful effects on public
health (hexavalent chromium). The nano-modifiedmulti-
modal structure Cr3C2–NiCr coatings prepared on copper
crystallizer by HVOF spraying, which have high spraying
efficiency, high hardness and adhesive strength, low por-
osity, and low costs, are significantly attractive for the
gains in copper crystallizer performance, superior life-
time, and the pollution reduction. Therefore, the multi-
modal Cr3C2–NiCr coatings would be the most important
replacement for hard chromium electroplating coatings.
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