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Abstract: Particle size is a critical consideration for many powder coating-related industries since
it significantly influences the properties of the produced materials. However, the effect of particle
size on the characteristics of plasma sprayed NiCrBSi coatings is not well understood. This work
investigates the microstructures, hardness and electrochemical corrosion behavior of plasma sprayed
NiCrBSi coatings synthesized using different-sized powders. All coatings mainly consist of Ni, N3B,
CrB, CryC3 and Cr3C; phases. The coatings produced by small particles (50-75 um) exhibit lower
porosity (2.0 + 0.8%). Such coatings show a higher fraction (15.5 vol.%) of the amorphous phase and
lower hardness (700 HV 5) than the counterparts (8.7 vol.% and 760 HV 5, respectively) produced by
large particles (75-100 um) with higher porosity (3.0 + 1.6%). Meanwhile, the coatings produced from
smaller particles possess a larger number of non-bonded boundaries, leading to the easier penetration
of corrosive medium, as well as a higher corrosion current density (0.254 + 0.062 nA/cm?) and a
lower charge transfer resistance (0.37 + 0.07 MQ cm?). These distinctions are attributed to particle
size-induced different melting degrees and stackings of in-flight particles during deposition.

Keywords: NiCrBSi; plasma spraying; particle size; microstructure; hardness; corrosion

1. Introduction

Because of their wide applications, powder feedstocks are used in many industries to produce
bulk and/or porous materials by various technologies, such as thermal spraying [1,2], additively
manufacturing [3-6], powder metallurgy [7-9], and laser processing [10-12]. These processing
methods generally employ a heat source to melt a metallic powder in specific ways and then the
final products can be obtained after processing. The metallic powder is usually in a spherical or
near-spherical shape. Therefore, unlike other types of materials (e.g., wire and foil), a considerable
number of pores are commonly present in the products synthesized from powder feedstocks [13].
During the last decade, many endeavors have been made to investigate the influence of the powder
appearance (such as size and shape) on the properties of the produced materials. For example,
Leger et al. [14] adopted experimental and numerical approaches to investigate the powder particle
shape effect on the Al-Al,O3 coating build-up mechanism on a multi-scale and their results showed
that spherical Al powder is more suitable to obtain better coatings with lower porosity. Wang et al. [15]
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studied the effects of particle size and structure on the preferential Ce evaporation for Lay,Ce,O;
particles during plasma spraying and indicated that the evaporation loss of Ce is significantly influenced
by particle size, thereby affecting the properties of the as-sprayed La,Ce,Oy coatings. Sun et al. [16]
used different-sized WC powders to sinter three sets of WC-8Co cemented carbides and found that the
transgranular fractures of the prepared cemented carbides are more evident with increasing WC particle
size. From all this one can conclude that powder appearance potentially influences the properties and
therefore the end applications of the produced products.

NiCrBSi alloy coatings are also commonly prepared by metallic powder-related techniques
including spraying [17,18] and laser cladding [19,20], with the aim to produce barriers to protect
substrates from wear and/or corrosion. Amongst these techniques, atmospheric plasma spraying
(APS) is frequently used due to its high synthesis speed and few limitations on equipment [21].
APS adopts a plasma gun as a heat source to melt the feedstock powder sprayed from the nozzle
and impinges these powder particles on the substrates in a layer by layer method [22]. As a result,
this processing method results in a typical lamellar microstructure in APS-prepared NiCrBSi coatings
associated with a large number of pores and non-bonded boundaries (including lamellar boundaries
and particle boundaries). Pores generally decrease the cohesion of the as-sprayed NiCrBSi coatings,
thereby reducing their hardness and wear resistance [22]. In the meantime, non-bonded boundaries in
as-sprayed NiCrBSi coatings provide diffusion paths for the ingress of corrosive species in a corrosive
environment [22]. Hence, both pores and non-bonded boundaries are detrimental to the properties of
the NiCrBSi coatings.

In general, pores and non-bonded boundaries are generated during the deposition of particles [23].
When a considerable number of particles are ejected from the nozzle, the in-flight particles are heated
before they are deposited on the substrate. This process is extremely short and therefore partially melted
particles are inevitably retained. Unlike the melted particles, the unmelted parts in such partially melted
particles cannot uniformly spread on the substrate or coated surface. Hence, the pile-up of the partially
melted particles can easily form pores due to the geometric constraints [24]. Note that, the melting
generally takes place on the surface of the in-flight particles during deposition [21,22]. Therefore, it can
be deduced that the melting degrees differs a lot for in-flight particles with different sizes. As such, the
unmelted part in the in-flight particles finally results in the distinctions in the size and distribution of
the pores in the as-sprayed coatings. Furthermore, non-bonded boundaries in the plasma-sprayed
coatings result from limited diffusion between lamellae or particles [23]. The particles in different
sizes inevitably lead to the distinctions in the density and distribution of the non-bonded boundaries.
Undoubtedly, such distinctions can further influence the microstructures and the properties of the
as-sprayed NiCrBSi coatings. However, there is still a lack of deep understanding of particle size
dependent microstructure, hardness and electrochemical corrosion behavior of atmospheric plasma
sprayed NiCrBSi coatings. Therefore, further understanding this question can facilitate to optimize the
processing and to tailor the properties of the coatings prepared by plasma spraying technology.

This work aimed to investigate the influence of particle size on the microstructures and properties
of the APS-produced NiCrBSi coatings. The NiCrBSi powders of different particle sizes (i.e., 50-75 pm
and 75-100 um) were used. The microstructures, hardness and electrochemical corrosion behavior of
the NiCrBSi coatings prepared from different-sized particles were investigated. The mechanism for the
distinctions found was interpreted systematically.

2. Experimental

2.1. Sample Preparation

The substrate material used in this work was commercial 2Cr13 stainless steel sheet, hot rolled
steel bought from the Taiyuan Steel Factory (Taiyuan, China) with the following chemical composition
by weight: 0.21% C, 0.34% Si, 0.54% Mn, 0.02% P, 0.003% S, 12.21% Cr, 0.1% Ni and Fe balance, which
was cut into specimens with dimensions of 40 mm X 40 mm X 10 mm. The chemical composition of
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NiCrBSi powder feedstock with particle sizes in a range of 45-109 pm, purchased from the North of
New Material Science and Technology Company (Beijing, China), are listed in Table 1.

Table 1. Chemical composition of the NiCrBSi feedstock powder.

Element C Si B Cr Fe Ni
Wt.% 0.7~1.1 3.2~5.0 3.0~3.8 17.0~19.0 <5.0 Bal.

Starting from the as-received NiCrBSi powder, the powder was screened by conventional sieves of
different standards (1504, 200# and 300#) in sequence. Thus, the particle sizes of screened powder were
divided into four different size ranges of 45-50 um, 50-75 pm, 75-100 pm and 100-109 um. Because of
the significantly low amount of the powder in the sizes of 45-50 um and 100-109 pym, only the powder
in the sizes of 50-75 um and 75-100 um were used to synthesize the NiCrBSi coatings. Therefore, in
this work, two particle size ranges of the powder, i.e., 50-75 pm and 75-100 pm, were selected as
the main parameters. The powders with sizes of 50-75 pm and 75-100 pm are denoted as 50-75P
and 75-100D, respectively, hereafter. The morphologies of the powder used in two different sizes are
displayed in Figure 1. Figure 1a,b show scanning electron microscopy (SEM) micrographs of 50-75P
and 75-100P under secondary electron mode, respectively. Both groups of powders are spherical, with
smooth surfaces. It can be clearly seen that the 75-100P (Figure 1b) is obviously larger than 50-75P
(Figure 1a). Figure 1c,d exhibit the particle size distributions for the two groups of powder. A total of
10 SEM images were used for the particle size analysis. The average diameters of both group samples
are 63 um and 88 um, respectively.
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Figure 1. Secondary electron images for the morphologies of (a) 50-75P and (b) 75-100P and particle
size distribution of (c) 50-75P and (d) 75-100P.

Prior to spraying, the surface of the stainless-steel substrate was sandblasted with 16# Al,O3
powder. The gas pressure of sandblasting was about 0.45-0.6 MPa, and the roughness of the surface of
the sandblasted samples was about 18 + 1.2 um. After sandblasting, the surface was cleaned with
ethanol and air dried. The two groups of NiCrBSi powders were dried for 2 h in a furnace at 200 °C. The
spraying parameters used in this work are listed in Table 2, where 50-75C and 75-100C stand for the
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NiCrBSi coating sample prepared by 50-75P and 75-100D, respectively. The secondary electron images
for the non-etched cross-sectional morphologies of the 50-75C and 75-100C are shown in Figure 2.
The thickness of the as-sprayed 50-75C is about 598 + 24 pm (Figure 2a), while the thickness of the
as-sprayed 75-100C is only 432 + 20 pm. After polishing, whose thickness changes to 552 + 14 pm and
366 + 16 pm, respectively. Such a difference in the thicknesses of the as-sprayed coatings is attributed
to the different particle sizes of the powder used since large particles might be unmelted and may not
adhere well to the surface of the sample [25]. Amorphous phases are often found in Ni-based alloy
coatings, which can influence their hardness and even mechanical properties [26,27]. Therefore, in
order to eliminate the influence of the amorphous phase and elucidate the effect of the particle size on
the properties of the as-sprayed NiCrBSi samples, the samples were annealed at 440 °C in a furnace for
a short time (15 min). Then these annealed samples were used as references in the other examinations.
The details of the process can be found in our previous work [26].
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Figure 2. Secondary electron images for the cross-sectional morphologies of the as-sprayed coatings:
(a) 50-75C and (b) 75-100C.

Table 2. Main parameters of plasma spraying.

Spray Parameter Measurement
Voltage (V) 50
Current (A) 600

Gun traverse rate (mmy/s) 100
Main gas Ar (slpm) 80
Feed gas Ar (slpm) 40

Powder feed rate (g/s) 0.3
Spray distance (mm) 80

2.2. Characterizations

Before characterizations, samples were cut into 10 mm X 6 mm X 3 mm test pieces. All samples
were ground using 100, 400, 800, 1000, 1500, 2000 grit SiC paper and polished to a mirror surface using
a 1.5 micron polishing paste. The surface roughnesses for the as-sprayed 50-75C and 75-100C are
5.3 £ 0.4 pm and 6.9 + 0.8 um, respectively, and the polished samples have similar surface roughnesses
of 0.23 + 0.04 um. Afterwards, some non-etched samples were used to examine the porosities and
hardness, the etched samples were employed for microstructural characterizations. A mixed solution
composed of 1 mL HCI, 10 mL HNO;3 and 10 mL H,O was used as an etchant. An optical microscope
(Axioskop2-MAT, Zeiss, Jena city, Germany) was used to observe the microstructures of the as-sprayed
NiCrBSi coatings. The porosities of the as-sprayed NiCrBSi coatings were obtained by analyzing at
least 15 optical images at 500X magnification using the Image J2X software (Rawak Software, Inc.
Stuttgart, Germany). In binary images, pores are represented by a red color as shown in Figure 3. Then
the porosity was obtained by calculating the percentage of the area of red color in the binary image in
accordance with the ASTM Standard E2109-01. The surface roughnesses of the as-sprayed coatings were
characterized by a laser scanning confocal microscope (OL54000, Olympus, Tokyo, Japan). A scanning
electron microscope (supra 55, Zeiss, Berlin, Germany) with energy dispersive spectroscopy (EDS)
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with an acceleration voltage of 5 kV was used to examine the powder, the surface and cross-sectional
morphologies of the as-sprayed, annealed and electrochemically tested samples. In this work, the
mapping scanning used 120 s and the dot scanning used 80 s. The microstructures of the as-sprayed
coatings were also analyzed by transmission electron microscopy (JEM-2100F, Japan Electronics Co.,
Ltd, Tokyo, Japan). The specimens for transmission electron microscopy (TEM) characterization were
chemically polished and thinned by using a twin jet polisher with a mixed solution composed of
HClO,: C4HoOH: CH30H = 6: 39: 55 (in vol.%) at a temperature of —30 °C. The Vickers hardness
was measured by a KB30S automatic hardness tester (KB Priiftechnik GmbH, Hochdorf-Assenheim,
Germany) on the cross-sectional surfaces of the polished as-sprayed NiCrBSi coatings, at 5 N load force
and the dwell time of 15 s. The hardness reported for each coating were averaged from 10 individual
points. The phase constituents of the powder, the as-sprayed and annealed NiCrBSi coatings were
examined by X-ray diffraction (XRD, Empyrean, PANalytical, Heracles Almelo city, The Netherlands)
using CoK« radiation with 26 ranging from 40° to 100° at room temperature. The scanning speed
was 2°/min and the scanning step was 0.02°. The Jade 6.0 software (Materials Data, Inc., Santa Clara,
CA, USA)was used to identify the XRD patterns. For coatings, volume fractions of each phase were
calculated using the Pearson VII function in the Origin software (OriginLab company, Northampton,
MA, USA) according to the integrated peak areas of each phase on corresponding XRD patterns [28-30].
The equation used is shown below [28-30]:

A;

.:_Z
Vi LA

)

where V ; is the volume fraction of a specific phase, A; is the total integral area of this phase and } A;
is the total integral area for all phases detected on an XRD pattern.
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Figure 3. Examples of porosity calculation: (a) primary optical microscopy image and (b) binary image.

2.3. Electrochemical Measurements

Electrochemical measurements include open circuit potential (OCP), potentiodynamic polarization
and electrochemical impedance spectroscopy (EIS). Prior to electrochemical tests, the sample was sealed
in epoxy attached to a copper wire, leaving an exposed surface area of 10 mm x 10 mm. The sample
surfaces were mechanically ground and polished to a mirror surface. After cleaning the samples, the
edges of the samples were sealed with silica gel. The electrochemical tests were carried out in 3.5 wt.%
NaCl solution at 20 °C using an AUTOLAB-AUT86742 electrochemical station (Metrohm Autolab,
Beijing, China) equipped with a conventional three-electrode system. A platinum sheet was used as the
counter electrode, a saturated calomel electrode (SCE) acted as the reference electrode, and the surface
of the samples served as the working electrode. The cathodic polarization of —1 V was conducted for
3 min before the other electrochemical measurements in order to remove the native oxide on the sample
surface. OCP was measured for 3000 s for the as-sprayed NiCrBSi coating samples in 3.5 wt.% solution.
EIS tests were potentiostatically conducted at the OCP with a potential perturbation amplitude of
10 mV. The impedance spectra presented were measured in the frequency range from 1072 Hz to
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10° Hz. All the EIS data were fitted using the ZsimpWin software (E-chem Inc., Ann Arbor, MI, USA).
The scanning range of the potentiodynamic polarization tests was conducted at a range from open
circuit potential —0.25 V to +2 V at a sweep rate of 2 mV/s. The Cview software (Scribner Associates
Inc., Southern Pines, NC, USA) was applied to match the potentiodynamic polarization data. All the
potentials reported in this work were against SCE. Both the cross-sectional and surface morphologies
of the samples after electrochemical measurements were characterized by SEM. To ensure the accuracy
and reproducibility of the results, electrochemical tests were performed on parallel samples under
each condition at least three times. The electrochemical tests were only carried out on the as-sprayed
coating because the primary objective of this work is to investigate the influence of powder size on the
properties of the as-sprayed NiCrBSi coating.

3. Results and Discussion

3.1. Microstructural Features

The secondary electron images for surface morphologies of the as-sprayed 50-75C and 75-100C
are shown in Figure 4. Both as-sprayed NiCrBSi coating samples have similar coating surface
morphologies, which are relatively rough. The surface roughnesses of the as-sprayed 50-75C and
75-100C are 5.3 + 0.4 um and 6.9 + 0.8 um, respectively. Apparently, the deposited particles on the
as-sprayed 75-100C are larger than those on the as-sprayed 50-75C. Meanwhile, pores, voids and
partially melted particles are evident. Pores are formed by stacking of partially melted or unmelted
particles. Voids are the non-bonded boundaries between particles. Therefore, such flaws would play
an important role in hardness and corrosion [26,31,32].

As=sprayed 50—75C k- As—sprayed 50-75C

-
=17

Pores ==

Semi-melted particles Semi-meltedparticles ., ..o

20 um

As—sprayed 75-100C As—sprayed 75-100C
~ Semi-melted particles

Figure 4. Secondary electron images for the surface morphologies of the as-sprayed coatings:
(a,b) 50-75C and (c,d) 75-100C.

Detailed optical images for the cross-sectional microstructures of the as-sprayed 50-75C and
75-100C are shown in Figure 5. The microstructures of the as-sprayed coatings display a typical
lamellar structure, which is formed by interlacing and stacking of flat strip particles and spherical
particles [33,34]. For the as-sprayed 50-75C, most particles are melted and the pores (as indicated
by thin white arrows in Figure 5a are relatively small and dispersed. The average size is about
11.4 + 8.4 pm. The as-sprayed 50-75C has the porosity of 2.0 + 0.8%. Porosity is one of the important
indicators for the properties of NiCrBSi coatings, which influences not only the hardness but also
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the other properties [35,36]. As seen from Figure 5b, unmelted particles (as indicated by the white
hollow arrow) are clearly found in the as-sprayed 75-100C. The pores in the as-sprayed 75-100C are
relatively larger (17.5 + 10.2 pm) and concentrated. The porosity of the as-sprayed 75-100C is about
3.0 + 1.6%, which is larger than that of the as-sprayed 50-75C (2.0 + 0.8%). Such findings indicate that
the as-sprayed NiCrBSi coatings prepared by different-sized particles demonstrate different melting
degrees and porosities.
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Figure 5. Optical images showing the pores, lamellar boundaries and unmelted particles in the
cross-sectional microstructures of the coatings: (a) 50-75C and (b) 75-100C.

It is well known that amorphous phase is inevitably produced in the plasma sprayed NiCrBSi
coatings [26,27]. Therefore, a short-time low-temperature annealing at 440 °C for 15 min was applied
to exclude the influence of the amorphous phase on the properties of the as-sprayed NiCrBSi samples.
As shown in Figure 6, it can be found that the phase constituents of the as-sprayed and annealed
coating samples together with the powder used mainly consist of Ni, Ni3B, Cr;C;3, Cr3C; and CrB
phases. The main phases are identified by the JCPDS-cards to the XRD database. However, a broad
diffuse diffraction maximum from 50° to 60° is observed for both as-sprayed 50-75C and as-sprayed
75-100C, specifying the existence of the amorphous phase [37]. This phenomenon is consistent with
the results in our previous work and the literature [1,38,39]. The amorphous phase in the as-sprayed
NiCrBSi coatings is formed by fast cooling of the melted particles or partially melted particles [1]. It has
been reported that the solidification time for these particles may be less than 107 s [22]. According to
the Equation (1), the volume fractions of the phases (including amorphous phase) in the as-sprayed
NiCrBSi coatings can be calculated and the results are listed in Table 3. Apparently, the volume fraction
of amorphous phase in the as-sprayed 50-75C (15.5 vol.%) is about two times that in the as-sprayed
75-100C (8.7 vol.%), illustrating that the melting degree of in-flight particles is higher for the as-sprayed
50-75C than that for the as-sprayed 75-100C. Compared with the as-sprayed samples, the annealed
samples have significantly higher volume fractions of Ni and NizB in the microstructure. This change
indicates the transformation of the amorphous phase to crystallized phases in the NiCrBSi coatings
after heat treatment.

Table 3. The volume fractions (vol.%) of each phase in the as-sprayed and annealed 50-75C and
75-100C calculated by integral areas from the XRD patterns shown in Figure 6.

Sample Ni NizB CrB Cr3C, CryCs Amorphous Phase
As-sprayed 50-75C 58.4 12.3 8.4 3.2 2.2 15.5
As -sprayed 75C-100C 63.3 13.5 8.9 3.5 21 8.7
Annealed 50-75C 66.9 18.4 8.8 35 24 Undetected

Annealed 75C-100C 67.2 18.7 8.2 3.6 2.3 Undetected
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Figure 6. XRD patterns of the as-sprayed and annealed coating samples as well as the powder used.

TEM examinations were further used to confirm the existence of the amorphous phases in both
as-sprayed coating samples (Figure 7). As shown in Figure 7a, amorphous phase is apparently presented
in the as-sprayed 50-75C. A clear amorphous ring indicates that amorphous phases are dominated in
the analyzed location (Figure 7a inset). Amorphous phases are also found in the as-sprayed 75-100C
in some locations associated with some nanoclusters (Figure 7b). Such nanoclusters were also found in
the our previous work [1,24]. According to the polycrystalline diffraction rings, the separate point
reflections may be the nanocrystalline of Ni and the precipitates of NizB and CrB. Irrespective of the
reason for the formation of nanoclusters, these results elucidate the existence of the amorphous phases
in both as-sprayed samples, which are consistent with the XRD results (Figure 6).

75-100C
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Figure 7. TEM images for the microstructures of the as-sprayed coatings: (a) 50-75C and (b) 75-100C.

Figure 8 compares the cross-sectional morphologies of the as-sprayed and annealed NiCrBSi
coatings by SEM under secondary electron mode. As shown in Figure 8a, apparent pores and
intersplat-boundaries are observed in the as-sprayed 50-75C. However, the annealed 50-75C has the
similar morphology to the as-sprayed 50-75C (Figure 8b). The pores and intersplat-boundaries are
still clearly observed in the annealed 50-75C. A similar scenario is presented in the as-sprayed and
annealed 75-100C (Figure 8c,d). Such results show the neglected effect of the heat treatment of 440 °C
on the sintering of pores and the bonding of the intersplat-boundaries.
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Figure 8. Secondary electron images for the cross-sectional microstructures of the as-sprayed
and annealed coatings: (a) as-sprayed 50-75C, (b) annealed 50-75C, (c) as-sprayed 75-100C and
(d) annealed 75-100C.

3.2. Hardness

The hardness of the as-sprayed and annealed coating samples is shown in Figure 9. The as-sprayed
50-75C and 75-100C exhibited average hardness of 700 + 41 HV( 5 and 760 + 74 HV 5, respectively.
Apparently, the 75-100C has higher hardness than the 50-75C. Generally, higher porosity can result in
a lower hardness of the as-sprayed NiCrBSi coating [33]. As shown earlier, the 75-100C exhibits higher
porosity of (3 + 1.6%) than the 50-75C (2 + 0.8%). After heat treatment, the hardness of both coating
samples is enhanced. The average hardness of the annealed 50-75C is 850 + 111 HV 5, which is higher
than the average hardness of 75-100C (800 + 82 HV5). It is well known that the properties of the
NiCrBSi coatings can be influenced by the difference in the compositions of the powder, the preparation
methods, and even the different parameters used in a specific technique. In previous studies, the
hardness of the NiCrBSi is in the range from 450 HV to 1100 HV [40-45]. For example, Liu et al. [40]
found the hardness of NiCrBSi coatings deposited by an activated combustion-high velocity air fuel
spray process was up to 1085 HV. Dong et al. [42] investigated the hardness of deposition of NiCrBSi
coatings by APS is about 450 HV. In this work, the hardness of the as-sprayed and annealed NiCrBSi
coatings ranged from 660 HV to 960 HV is in the scope of the reported results. According to our
previous work [1], the increase in the hardness of the annealed samples results from the transformation
of the amorphous phase to crystal phase (precipitation). In metallic materials, amorphous phase is
in a metastable state [39,46,47] and the crystallization of amorphous phase would take place once
external energy is high enough to trigger the crystallization (i.e., transformation from a meta-stable
state to a stable state) [48-51]. Short-time heat treatment can provide external energy, thereby leading
to the transformation of the amorphous phase to the crystalline phase(s) [1,52]. The precipitation of
hard phases (e.g., Ni3B) increases the hardness of the annealed NiCrBSi coatings. Therefore, after heat
treatment at 440 °C for 15 min, the amorphous phases in both NiCrBSi coating samples are eliminated
(Figure 6). The porosities of heat-treated samples have no obvious change compared with those of
the as-sprayed samples. The porosity of 50-75C was 2.1 + 0.7%. The porosity of 75-100C sprayed
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was about 2.9 + 1.3%. As a result, the annealed 50-75C with lower porosity exhibits higher hardness
compared to the annealed 75-100C. Such a finding illustrates that the NiCrBSi coating prepared by
smaller particles possesses higher volume fraction of the amorphous phase. As such, combining the
results of the microstructures and phase constituents of the as-sprayed and annealed samples, one can
basically conclude that the particle size influences the volume fraction of the amorphous phase in the
as-sprayed NiCrBSi coatings and therefore their hardness.
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Figure 9. Hardness of the as-sprayed and annealed 50-75C and 75-100C.
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3.3. Electrochemical Results

The thickness of the coating can substantially influence the corrosion properties of the sample
to some extent. In general, a specific coating with larger thickness can exhibit lower corrosion rate
due to the longer diffusion path for corrosive medium [53,54]. As mentioned earlier, the as-sprayed
50-75C coating has a larger thickness than the as-sprayed 75-100C after deposition, which is also a
result of different-sized powder used. Therefore, the electrochemical samples were carefully ground
and polished in order to ensure that the reductions in the thicknesses are comparative. As a result,
the coating thickness of the as-sprayed 50—75C is still larger than that of the as-sprayed 75-100C in
electrochemical tests. In addition, the surface roughnesses of the polished as-sprayed 50-75C and
75-100C become 0.23 + 0.04 pm and 0.24 + 0.05 pm, respectively, which are almost same. Therefore,
it can be considered that the surface roughness has little influence on the electrochemical corrosion
behavior of the samples used.
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Figure 10. Open circuit potential as a function of time for the as-sprayed 50-75C and 75-100C immersed

in 3.5 wt.% NaCl solution for 3000 s.

Figure 10 shows the OCP curves for the as-sprayed 50-75C and 75-100C immersed in 3.5 wt.%
NaCl solution for 3000 s. The electrode potential substantially reflects the surface state of the metal in
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the solution medium. It is evident that both groups of samples exhibit the same anodic process due
to the formation of a passivation film [55]. The final stabilized potential for the as-sprayed 75-100C
(—220 V) is slightly higher than that of the as-sprayed 50-75C (-227 V). Figure 11 shows the polarization
curves of the as-sprayed 50-75C and 75-100C samples in 3.5 wt.% NaCl solution. Both samples
possess similar polarization behavior, exhibiting a typical anode passivation characterization [56].
The as-sprayed 50-75C exhibits an incomplete pre-passivation behavior, indicating a dissolution
behavior at a relatively low polarization potential. In the Figure 11a, the complete passivation potential
of the as-sprayed 75-100C (900 mV) is slightly higher than that of the as-sprayed 50-75C (780 mV),
while their passivation current densities are similar (0.06 Afem?). Figure 11b shows the Tafel regions of
the polarization curves for both samples. The fitting results for the corrosion current density (Icorr)
and corrosion potential (Ecorr) are listed in Table 4. The low values in standard error (90% confidence
interval) indicate a good reliability of the fitted data. The as-sprayed 75-100C has a lower I.o; than
the as-sprayed 50-75C, indicating that the corrosion rate of the as-sprayed 75-100C is lower under
the conditions used in this work. By contrast, the as-sprayed 50-75C reveals a lower Eqr than the
as-sprayed 75-100C (Figure 11b). Based on the analyses of polarization curves, one can conclude that
the as-sprayed 75-100C has a lower corrosion rate than the as-sprayed 50-75C.
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Figure 11. Potentiodynamic polarization curves for the as-sprayed 50-75C and 75-100C in 3.5 wt.%
NaCl solution; (a) shows the complete passivation potential and passivation current densities and (b)
shows the Tafel regions of the polarization curves.

Table 4. The corrosion potential (Ecorr) and corrosion current density (Icorr) fitting from the Tafel regions
of polarization curves in Figure 11.

Sample Ecorr (mV) Icorr (MA/cm?)
50-75C -332.7 0.243
- -325.3 0.184
- -298.1 0.334
Average value -318.7 0.254
Std Dev 14.9 0.062
75-100C -315.8 0.134
- -316.9 0.149
- -304.2 0.286
Average value -312.3 0.189
Std Dev 5.7 0.069

The EIS results are indicated in Figure 12. The radius of the capacitance arc in the Nyquist
plot (Figure 12a) is related to the ability of ions in the solution to reach the surface of the metal
electrode through oxide film [57,58]. In general, a larger capacitance arc radius indicates greater charge
transfer resistance and therefore better corrosion resistance of a sample [59]. The Bode plots show
a wide plateau from high frequency to low frequency. In the Bode impedance plots (Figure 12b),
there is no significant difference between the two samples. The impedance of the as-sprayed 50-75C
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at high-frequency is slightly higher than that of 75-100C and only has a slight deviation in the
low-frequency region. For Bode phase plots (Figure 12c), both as-sprayed 50-75C and 75-100C exhibit
phase angles between 50-70° in the middle-frequency region, indicating a typical resistant-capacitive
behavior. The equivalent circuit diagram shown in Figure 12d is used for analyzing the electrochemical
behavior of both samples. The equivalent circuit (Rs(C(R¢(Q(RctW))))) model consists of solution
resistance (Rs), charge transfer resistance (R), film resistance (R¢), capacity element (C), Warburg
impedance (W) and constant phase elements (CPE). Since there are a lot of non-bonded boundaries
and pores in the as-sprayed coating, the diffusion-controlled nature of corrosion reactions needed to be
considered. Therefore, the Warburg impedance (W) is employed to describe the semi-infinite length
diffusion in the as-sprayed coatings [60]. Meanwhile, inner surfaces (such as pores and non-bonded
boundaries) in the as-sprayed coating can lead to capacitive properies. Hence, a capacity element (C)

is used.
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Figure 12. The EIS results in the form of (a) Nyquist plots, (b) Bode impedance plots and (c) Bode
phase plots; (d) the equivalent circuit diagram used for fitting the EIS results for the as-sprayed 50-75C
and 75-100C in 3.5 wt.% NaCl solution.

The fitted EIS results are summarized in Table 5. The fitted EIS results in Table 5 have a 90%
confidence interval and the error margins are in the range of 1.7 ~ 3.1%.



Metals 2019, 9, 1342 13 of 20

Table 5. Fitting results of electrochemical impedance spectrum data for the as-sprayed 50-75C and
75-100C immersed in 3.5 wt.% NaCl solution. Rg: the solution resistance, R¢: the film resistance, Rct: the
charge transfer resistance, C: capacity element, W: Warburg impedance, CPE: constant phase elements.

Rs Ry B Ret CPE x 106 (Q-1 W x 10-5 2 oa
Sample 2y @em?)  CX0CE® Vo em?) cm-2 §-n) " (@ 1lem2s05 X X10
50-75C 11.89 11.36 248 027 39.99 0.67 6.92 7.07
8.59 993 3.30 0.42 36.18 0.68 14.01 9.09
11.79 421 0.95 041 3256 0.66 12.77 439
Average 7 8.50 2.24 037 36.04 0.67 11.23 6.85
value
Std Dev 1.87 3.09 097 0.07 2.79 0.01 3.09 -
75-100C  26.99 413 0.74 0.59 40.95 0.67 443 291
10.54 263 0.66 041 4241 0.68 295 6.16
13.08 3.65 0.72 0.49 37.38 0.67 2.38 957
Average 16.87 347 0.71 0.50 40.25 0.67 3.5 6.21
value
Std Dev 8.85 0.63 0.04 0.07 211 0.01 0.86

Chi-square values (x?) between 2.91 x 10~ and 9.57 x 10~ suggest a good correlation between
the fitting data and experimental data. The values of Rs and R¢ for both samples are significantly
similar; however, the difference in the R is noted. The values of Rt of the as-sprayed 50-75C and
the as-sprayed 75-100C are 0.37 MQ cm? and 0.50 MQ cm?, respectively. The R of the as-sprayed
75-100C is much higher than that of the as-sprayed 50-75C. As mentioned above, a larger number
of non-bonded boundaries are formed in the as-sprayed 50-75C due to the smaller-sized powder
used, which provides more paths for the ingression of corrosive medium. In a corrosive environment,
the corrosive medium is easier to ingress the interior of the as-sprayed NiCrBSi coating through the
non-bonded boundaries compared with the inner of the particles. Therefore, the presence of a larger
number of non-bonded boundaries leads to a faster ingression of corrosive medium. It is worth noting
that R is 5 orders of magnitude greater than Ry for both samples, as shown in Table 5. Therefore, the
small Rf does not significantly affect the final polarization resistances Ry, (i.e., the sum of R¢t and Ry).
The as-sprayed 75-100C shows higher final polarization resistance, indicating a lower corrosion rate
compared with 50-75C.

3.4. Morphologies of the As-Sprayed Samples after Electrochemical Tests

Figure 13 shows the surfaces of the as-sprayed 50-75C and 75-100C and their corresponding
elemental mapping analysis by SEM under secondary electron mode. Both samples have similar
corrosion patterns after electrochemical tests in 3.5 wt.% NaCl solution (Figure 13a,d). Elemental Na
and Cl are distributed at the edge of pores and non-bonded boundaries, specifying that these locations
provide diffusion paths for corrosive medium (Figure 13b—f). The cross-sectional microstructures of
the samples after electrochemical tests are shown in Figure 14 by SEM under secondary electron mode.
Similar phenomena can be observed for both samples. EDS results for points A, B, C and D indicated
in Figure 14a,b are listed in Table 6. Note that, points B and D are located at the pores in the as-sprayed
50-75C and 75-100C, respectively. It is found that a considerable amount of Na and Cl is present at
the points of B and D, indicating that Na and Cl penetrate the pores far away from the surfaces of
the samples. Points of A and C are located at the interior of the particles. Their EDS results show
that the fractions of Na and Cl are significantly less at the points A and C than those at the points B
and D. Combined with the morphologies of the as-sprayed 50-75C and 75-100C after electrochemical
tests (Figures 13 and 14), one can speculate that corrosion is prone to take place at the locations of
flaws (such as pores and non-bonded boundaries). The reason accounting for these findings is the
penetration of the corrosive medium along the non-bonded boundaries [61-63]. Finally, corrosive
medium concentrates at the pores. Therefore, the contents of Na and Cl in the pores are apparently
higher than those in the interior of the particles.
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75-100C

75-100C

75-100C

Figure 13. Secondary electron images and corresponding EDS mappings of the as-sprayed samples
after electrochemical tests: (a) 50-75C and its corresponding (b) Na and (c) Cl mappings; and (d)
75-100C and its corresponding (e) Na and (f) Cl mappings.

Figure 14. Secondary electron images for the cross-sectional microstructures of the as-sprayed (a)
50-75C and (b) 75-100C after electrochemical tests.

Table 6. Corresponding EDS results for the as-sprayed 50-75C and 75-100C samples after
electrochemical tests. The analyzed points A, B, C and D are indicated in Figure 14.

Points Location Na (wt.%)  Cl(wt.%)  Ni(wt.%) Si (wt.%) Cr (wt.%)
A at the interior of particles 0.12 0.00 82.62 3.96 13.30
B at pores 7.12 13.66 47.22 5.85 26.14
C at the interior of particles 0.35 0.20 87.73 5.07 6.65
D at pores 17.83 8.89 26.83 1.80 44.66

3.5. Mechanism for Particle Size Induced Distinctions

Figure 15 illustrates the mechanism for the distinctions in the properties of the NiCrBSi coatings
prepared by different-sized powder. One interesting aspect is the hardness of both NiCrBSi coatings
before and after heat treatment (Figure 9). Before heat treatment, the hardness of the as-sprayed 50-75C
is 700 + 41 HVj 5, which is lower than that of the as-sprayed 75-100C (760 + 74 HV 5). Nevertheless,
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the values of hardness for the two coatings vary after short-time heat treatment; the as-sprayed 50-75C
(850 = 111 HV 5) shows higher hardness than the as-sprayed 75-100C (800 + 82 HV(5). The volume
fraction of the amorphous phase is closely related to the melting degree and deposition state of particles.
The outer surfaces of the in-flight particles are firstly melted in plasma arc during spraying [21].
Therefore, the more the surfaces of the particles in contact with plasma arc is, the higher the melting
degree is. As such, the melting degrees are different for in-flight particles with different sizes (Figure 13).
The melted particles (or the melted part in the partially melted particles) produce the amorphous phase
in the as-sprayed NiCrBSi coatings [1]. In metallic materials, heat treatment can provide the activation
energy required to induce the crystallization of amorphous phases, leading to nucleation and growth
of new crystalline phase grains [64—67]. Hence, the heat-treated NiCrBSi coating is strengthened
by the precipitates of hard phases (e.g., Ni3B) and uniformly distributed nanocrystals embedded
in the amorphous phase [1]. Therefore, different melting degrees of the in-flight particles result in
the different fractions of the amorphous phases in the as-sprayed 50-75C and 75-100C. In this work,
50-75P has a smaller average size, therefore, larger total powder surface is in contact with the plasma
arc compared with the 75-100P at the same powder feed rate (Table 2 and Figure 13). Hence, after
spraying, the fraction of the amorphous phase in the as-sprayed 50-75C (15.5 vol.%) is higher than
that in the as-sprayed 75-100C (8.7 vol.%), as indicated in Table 3. As a result, the as-sprayed 50-75C
exhibits a lower hardness than the as-sprayed 75-100C even though the as-sprayed 50-75C has a lower
porosity than the as-sprayed 75-100C. After heat-treated at 440 °C for eliminating the amorphous
phase in the coating samples, the annealed 50-75C exhibits higher hardness than the annealed 75-100C,
which is different from the results before heat treatment (Figure 9). Therefore, porosity becomes the
main factor that affects the hardness of the annealed NiCrBSi coating. The annealed 50-75C possesses
lower porosity, thereby having higher hardness.

Da\ﬂ 50—75P 50—750
1 Spraymg Deposmon
Nozzle In—flight particles  Coating build—up pattern
.\ 75-100C
B Depositon
. Deposition
- Pores Plasma arc . Solidified part of in—flight particles in coating
Substrate — Non-bonded boundaries [Jfj Melted part of in—flight particles

. Unmelted part of in—flight particles in coating . Unmelted part of in—flight particles

Figure 15. Schematic illustration of the spraying process of the NiCrBSi coatings from the powder with
different sizes. The number of pores, boundaries, melted and unmelted parts of in-flight particles and
solidified part of in-flight particles are only a qualitative representation rather than a quantitative one.

In general, high porosity definitely results in poor corrosion resistance for many porous
materials [56,68]. Therefore, the outcomes of electrochemical tests seem to be contrary to the traditional
consideration. However, it should be understood that the corrosive medium is prone to ingress into the
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interior of material through the non-bonded boundaries in a corrosive environment, thereby degrading
their corrosion resistance [69-71]. As shown in Figure 15, when particles strike the substrate to form a
coating, the morphologies of the as-sprayed NiCrBSi coatings are still different due to the different
particle sizes. Non-bonded boundaries are formed between particles and lamellae, as indicated by
the black lines in Figure 15. Meanwhile, the pores are formed by the loose stacking between the
unmelted part of the in-flight particles (or unmelted particles), as indicated by black color in Figure 15.
Therefore, all pores are connected with the non-bonded boundaries but not directly contact with the
surface of the coating. In such a case, if the narrow non-bonded boundaries determine the travelling
speed of corrosive medium from the corrosive environment to the inner of the coating (pores). The
pores can be considered as the “reservoir”, receiving the corrosive medium from the non-bonded
boundaries. Therefore, the number of the non-bonded boundaries have a more influence on the
corrosion resistance of the as-sprayed NiCrBSi coatings. As mentioned above, the EDS results reveal
Na and Cl concentrated in the pores but not in the interior of the particles at a certain distance from the
surface of the as-sprayed coatings after the electrochemical tests (Figure 14 and Table 6), indicating that
the non-bonded boundaries substantially facilitate penetration of the corrosion medium. On the other
hand, it is found that the crystalline and amorphous Ni-based alloys show no significant difference in
corrosion resistance [72]. Meanwhile, the volume fractions of the amorphous phases in the as-sprayed
samples are low (Table 3). As a result, the influence of the amorphous phase on the corrosion resistance
of the as-sprayed coatings is not evident. By contrast, the cracks or through-pores are catastrophic
flaws for the corrosion resistance of the metallic materials. As such, the influence of the non-bonded
boundaries on the corrosion resistance of the coatings are dominant. As shown in Figure 15, a larger
number of non-bonded boundaries are presented in the as-sprayed 50-75C due to the smaller sized
particles used. More non-bonded boundaries provide more paths for the penetration of corrosive
medium, leading to an easier corrosion of the as-sprayed 50-75C. Therefore, it can be found that the
as-sprayed 75-100C exhibits a slightly better corrosion resistance than the as-sprayed 50-75C.

4. Conclusions

In this work, two groups of NiCrBSi powders with different size ranges of 50-75 um and 75-100 pm
were used as the feedstock to prepare coatings by atmospheric plasma spraying, with the aim to
investigate the particle size-induced distinctions. Based on investigations on the microstructures,
phase constituents, hardness and electrochemical corrosion behavior of the samples, the following
main conclusions can be drawn:

(1) The use of powders with different sizes results in distinctive microstructures, including
porosities, the volume fractions of amorphous phases and the number of non-bonded boundaries.
The as-sprayed NiCrBSi coatings prepared from the powder with sizes of 50-75 um (denoted
as 50-75C) and 75-100 pum (denoted as 75-100C) exhibits different porosities (2.0 + 0.8% for
50-75C and 3.0 + 1.6% for 75-100C, respectively). The as-sprayed 50-75C has a lower hardness
(700 + 41 HV 5) than the as-sprayed 75-100C (760 + 74 HV5) in spite of the lower porosity. This
is attributed to the larger volume fraction of the amorphous phase (15.5%) in the as-sprayed
50-75C compared with that of the counterpart (8.7%), which results from the higher melting
degree of small in-flight particles. After eliminating the amorphous phase in the coatings by
heat treatment, the porosity becomes the main factor that affects the hardness of the annealed
NiCrBSi coatings. Hence, the annealed 50-75C shows a higher hardness (850 + 111 HV( 5) than
the annealed 75-100C (800 + 82 HV)5).

(2) Due to the smaller powder used, a greater number of non-bonded boundaries are present in the
as-sprayed 50-75C, leading to the easier penetration of corrosive media. Therefore, the as-sprayed
50-75C has higher corrosion current density (0.254 + 0.062 wA/cm?) than the as-sprayed 75-100C
(0.189 + 0.069 nA/cm?). Correspondingly, the charge transfer resistance of the as-sprayed 50-75C
(0.37 £ 0.07 MQ) cm?) is also lower than that of the as-sprayed 75-100C (0.50 + 0.07 MQ) cm?).
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(3) The distinctions in the properties of both as-sprayed NiCrBSi coating samples mainly result from
using different-sized powders. The same weight of powder would possess a larger total surface
area due to the smaller size. Small in-flight particles are prone to be melted in the plasma arc and
therefore the 50-75C show a larger volume fraction of the amorphous phase because of the fast
solidification on the surface of the substrate. Meanwhile, owing to the limited diffusion between
deposited particles, smaller particles also result in a greater number of non-bonded boundaries in
the as-sprayed 50-75C, thereby degrading its corrosion resistance.
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