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Abstract

In this research work, nano yttria-stabilized zirconia (YSZ) reinforced Cr3C2-25NiCr compo-
site coatings were prepared and successfully deposited on ASME-SA213-T-22 (T22) boiler
tube steel substrates using high-velocity oxy-fuel (HVOF) thermal spraying method.
Different nanocomposite coatings were developed by reinforcing Cr3C2-25NiCr with 5 and
10 wt.% YSZ nanoparticles. The nanocomposite coatings were analysed by scanning elec-
tron microscope (SEM)/Energy-dispersive X-ray spectroscopy (EDS) and X-ray diffraction
(XRD) technique. The porosity of YSZ- Cr3C2-25NiCr nanocomposite coatings was found to
be decreasing with the increase in YSZ content, and hardness has been found to be
increasing with an increase in the percentage of YSZ in the composite coatings. The
coating of 10 wt.% YSZ-Cr3C2-25NiCr showed the lowest porosity, lowest surface
roughness, and highest microhardness among all types of coatings. This may be due to
the flow of YSZ nanoparticles into the pores and gaps that exist in the base coatings, thus
providing a better shield to the substrate material.
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Introduction

Traditional steels used in thermal power plants are susceptible to corrosion [1,2]. In the recent
past, researchers have applied several types of coatings to improve the erosion and corrosion resis-
tance of these steels [3-5]. Thermal spray coating techniques are a key tool for developing coatings
that improve component performance and longevity [6,7]. In recent years, these coatings have
become more important. Coatings with high anti-corrosion qualities have been developed as a result
of advancements in powder manufacture and innovations in thermal spraying techniques [8-10]. In
terms of substrate material chemical composition, these procedures have no special material
limitations [11]. On boiler tube steel components, flame spraying, plasma spraying, arc spraying,
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and high-velocity oxygen fuel (HVOF) methods can generate coatings of a few millimeters thickness
with a high microhardness value [12-15]. Because of its cost-effectiveness and versatility, the HVOF
method has been classified as an adaptable technique [16-18]. The qualities of the substrate
material are unaffected by the HVOF coating procedure [19].

In the recent past, various researchers have used thermal spraying techniques to develop various
types of coatings on boiler steels to increase their properties. The coatings produced by the thermal
spraying method are porous in nature and have many local micro-cracks or through pores [20-22].
Corrosive fluids and chemicals attack the substrate steels through these pores and micro-cracks.
Therefore, there is still scope for improvement in the mechanical and microstructural properties of
these coatings [23-25]. Many researchers have compared conventional coatings to nanostructured
coatings, and many improvements in mechanical and microstructural properties of as-sprayed
materials were observed, including an increase in microhardness, a decrease in porosity, a decrease
in surface roughness, and a decrease in erosion rate, among other things [26-29]. Many authors
have reported the development of Cr3C2-25NiCr coatings on steel alloys, but literature related to
nano yttria-stabilized zirconia (Y203/ZrO;) (YSZ) reinforced composite coatings is not available.
Therefore, there is scope to develop new nano yttria-stabilized zirconia (YSZ) mixed Cr3C2-25NiCr
nanocomposite coatings and subsequently deposit and investigate the microstructure, porosity, and
microhardness of these newly developed composite coatings on boiler tube steel.

In this research work, HVOF sprayed 5 and 10 weight percent YSZ-Cr3C2-25NiCr nano-coatings
were developed and deposited on T22 boiler tube steel. The microstructure, porosity and micro-
hardness of these newly developed composite coatings have been investigated. HVOF thermal
spraying technique was used in this research work because the coatings produced with the HVOF
method have high adhesive strength with the base material and also individual splats have high
cohesive strength [30-31]. Ksiazek et al. [20] observed that this spraying process provides homoge-
neous coatings having a low value of porosity along with high hardness.

Experimental

Substrate material

The measured and nominal compositions of T22 steel are shown in Table 1. The samples with
dimensions of 22x15x5 mm were manufactured from the boiler tube. Silicon carbide paper was
used to polish the cut samples. Before applying different coatings, the samples were shot blasted
with alumina powder of grit 45.

Tablel Chemical composition of T-22 steel

Content, wt.%

C Mn Si S P Cr Mo \Y Ni Fe

Nominal 0.15 0.3-06 0.5-1 0.03 0.03 1.9-2.6 0.07-1.13 -- -- Bal.

Actual 0.148 0.524 0.762 0.039 0.0129 2.692 0.928 0.031 0.019 Bal.

Coating powders

Commercially available blend Cr3C2-25NiCr powder was mixed with 5 and 10 wt.% YSZ using low
energy ball milling to prepare different coating powders and the composition of different powders
is shown in Table 2. To prepare Cr3C2-25NiCr mixed with 5 wt.% YSZ (Y203/ZrO3) mixture, 950 g of
Cr3C2-25NiCr was mixed with 50 grams of YSZ. Other compositions were prepared in a similar
manner. The mixed powders were rolled for four hours ceaselessly at a speed of 200 rpm [32,33].
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Table 2. Composition of feed stock powders

Feed stock powder Bas.e powder Content of reinforced YSZ
Cr3C2-25NiCr content, wt.% nano powder, wt.%
Cr3C2-25NiCr 100 0
5 wt.% YSZ- (Cr3C2-25NiCr ) 95 5
10 wt.% YSZ- (Cr3C2-25NiCr) 90 10

Formulation of coating

The conventional Cr3C2-25NiCr, 5 and 10 wt.% YSZ reinforced Cr3C2-25NiCr nanocoatings were
deposited on T22 boiler steel substrates with the HVOF process at Metallizing Equipment Company
Limited, Jodhpur, India. The spraying process was carried out using a commercial HIPOJET-2100
device. Before deposition of the coatings, the samples were grit blasted with alumina powder.
Coatings with a thickness of around 250 um were deposited. The process parameters of the HVOF
spraying method are shown in Table 3. During the spraying procedure, these process parameters were
kept constant.

Table 3. HVOF spraying process parameters

Oxygen flow rate 280 L min!

Fuel (acetylene) flow rate 100 L min?

Air-flow rate 600 L min!

Spray distance 200 mm

Powder feed rate 25 g min?
Fuel pressure 1.6 kg cm?

Oxygen pressure 3.00 kg cm™

Air pressure 4.40 kg cm™

Characterization of nanocomposite coatings

The uncoated samples were cut into sections and mounted in epoxy. Before the metallurgical
inspection, the mounted samples were polished. The coatings were examined using XRD, SEM/EDS,
and cross-sectional elemental analysis. The microhardness of the cross-section of all coated samples
was assessed using a Mitsubishi microhardness tester. On the coating—substrate interface, the
microhardness was measured at specified intervals along the cross-section.

LEICA Image analyser software was used to evaluate the porosity of conventional Cr3C2-25NiCr,
5 and 10 wt.% YSZ reinforced Cr3C2-25NiCr nanocomposite coatings. Before evaluating porosity,
the specimens were polished. The pore area size is calculated using a computer-based porosity
analysis technique that converts grey-level areas (pore areas) into a background that is different
from the rest of the microstructure. The porosity value is then calculated by counting the number
of pixels of background colour. For each type of coated specimen, the average of five porosity
measurements was calculated.

Results

Coating thickness measurement

The thickness of conventional Cr3C2-25NiCr, 5 and 10 wt.% YSZ reinforced Cr3C2-25NiCr nano-
composite coatings was measured with the help of Minitest-2000 thin film thickness gauge (Make:
ElektroPhysik Koln Company, Germany, precision +1 um) during the spraying process and are shown
in Table 4. The thickness of the coatings was evaluated along the cross-section of the specimens and
the thickness has been found in the desired range [34-36].
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Porosity analysis

Thermal spray coatings are porous, and porosity has a significant impact on coating qualities. Less
porous coatings provide superior corrosion protection, according to the literature. The apparent
porosity measurements of Cr3C2-25NiCr, 5 and 10 wt.% YSZ reinforced Cr3C2-25NiCr nano-
composite coated T22 steel specimens are shown in Table 4. For all samples, the porosity values of
the HVOF-sprayed Cr3C2-25NiCr coating were less than 2 %. The numbers in Table 4 show that as
the YSZ concentration in the nanocomposite coating increased, the porosity value also decreased.
It is obvious that 10 wt.% YSZ-Cr3C2-25NiCr coating has the lowest porosity value. The surface
roughness values for Cr3C2-25NiCr, 5 and 10 wt.% YSZ reinforced Cr3C2-25NiCr nanocomposite
were found to be 3.75, 3.14 and 2.43 um, respectively.

Table 4. Average coating thickness and porosity values for different coatings

Substrate Coating type Coating thickness, um Porosity, %  Average surface roughness, um
ASME Cr3C2-25NiCr 251 1.81 3.75
5 wt.% YSZ-(Cr3C2-25NiCr) 258 1.57 3.14
SA213-T22 .
10 wt.% YSZ-(Cr3C2-25NiCr) 252 1.25 2.43

Microhardness measurement

The microhardness profiles across the cross-section of Cr3C2-25NiCr, 5 and 10 wt.% YSZ
reinforced Cr3C2-25NiCr nanocomposite coated specimens are shown in Figure 3. The micro-
hardness values of T22 steel were in the range of 242-318 HV. The microhardness measurements
for Cr3C2-25NiCr, 5 and 10 wt.% YSZ reinforced Cr3C2-25NiCr nanocomposite coated specimens
were in the range of 918-978 1018-1093 and 1088-1168 HV, respectively. It is clearly seen in Figure 1
that with the increase of YSZ in the Cr3C2-25NiCr matrix, the micro-hardness value increased. The
nano YSZ particles were able to increase the microhardness of HVOF sprayed Cr3C2-25NiCr coatings.
The microhardness profiles clearly show that the hardness through the coating cross-section is
nearly uniform for all coated specimens.
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Figure 1. Microhardness profiles of Cr3C2-25NiCr, 5 wt.% and 10 wt.% YSZ reinforced
Cr3C2-25NiCr nanocomposite coatings across the cross-section
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X-ray diffraction analysis

The X-ray diffraction analysis for the surfaces of Cr3C2-25NiCr, 5 and 10 wt.% YSZ reinforced
Cr3C2-25NiCr nanocomposite coated specimens was done, and the XRD patterns are shown in
Figure 2(a-c). XRD profile of the HVOF sprayed Cr3C2-25NiCr coated T22 boiler tube steel sample
showed chromium as the main phase, along with traces of Ni. The XRD profile of the Cr3C2-25NiCr
coating reinforced with and 10 wt. % YSZ nanoparticles revealed that chromium and carbon are
present as a major phase, and nickel, yttrium, and zirconium as minor phases. The increase in the
formation of non-crystalline amorphous phases occurs because of very fast cooling during the
spraying process. The presence of different phases and their proportion mostly depend on the
process conditions at the time of the depositing of the coating powder on the base material.
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Figure 2. XRD profile of: (a) Cr3C2-25NiCr; (b) 5 wt.% YSZ-(Cr3C2-25NiCr); (c) 10 wt.% YSZ-(Cr3C2-25NiCr)

FE-SEM/Energy dispersive X-ray spectroscopy

FE-SEM micrographs with energy-dispersive X-ray spectroscopy analysis for HVOF sprayed
Cr3C2-25NiCr, 5 and 10 wt.% YSZ reinforced Cr3C2-25NiCr nanocomposite coatings on T22 boiler
steel are shown in Figure 3. The microstructure of Cr3C2-25NiCr coating is dense, consisting of inter-
locked particles with regular shape, as shown in Figure 3(a). In the microstructure of the coating,
several oxide stringers can also be visible. The YSZ nanoparticles have been uniformly diffused in the
Cr3C2-25NiCr matrix, as shown in Figures 3(b) and 3(c). The dense and uniform layer of the coating
was obtained by the reinforcement of nanoparticles of YSZ. The microstructures reveal that uniform
coalescence of nano YSZ has occurred with base Cr3C2-25NiCr matrix in composite coating. As
demonstrated in Figures 3(b) and 3(c), energy dispersive spectroscopy examination revealed the
elemental composition of the various coatings that were found to be comparable to that of the
feedstock powder. EDS analysis of Cr3C2-25NiCr coating revealed the presence of Fe and Si in the
composition, which may be due to the diffusion of Fe and Si from the substrate to the coating matrix
due to porosity in conventional coating.

The microstructure of the cross section of Cr3C2-25NiCr, and 10 wt.% YSZ reinforced Cr3C2-25NiCr
nanocomposite coatings on T22 boiler steel is shown in Figure 4. The cross-sectional images indicate
splat-like morphology of coatings, which might be due to the re-solidification of molten droplets.
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Figure 3. FE-SEM with EDS analysis of HVOF sprayed coatings: (a) Cr3C2-25NiCr;
(b) 5 wt.% YSZ- (Cr3C2-25NiCr); (c) 10 wt.% YSZ- (Cr3C2-25NiCr)

Figure 4. Cross-sectional morphology of HVOF sprayed coatings: (a) Cr3C2-25NiCr;
(b) 5 wt.% YSZ- (Cr3C2-25NiCr); (c) 10 wt.% YSZ- (Cr3C2-25NiCr)

Discussion
The coating thickness of all coatings was measured along the cross-section of the coated speci-
mens. The coating thickness was in the range of 251-258 um, which was found to be in the desired
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range as reported in the previous work for HVOF coatings [37]. The porosity of the conventional Cr3C2-
25NiCr coating on T22 boiler tube steel was found to be 1.81%, which further decreases with the
addition of nano YSZ to the Cr3C2-25NiCr coating matrix. The porosity values of 5 and 10 wt.% YSZ
reinforced Cr3C2-25NiCr nanocomposite were observed as 1.57 and 1.25 %, respectively. The porosity
of nanocomposite coatings decreased as the nanoparticles of nano YSZ filled the pores and interlocked
the grains of the Cr3C2-25NiCr coating matrix. Improvement in surface roughness value was observed
by the addition of the nanoparticles of YSZ in the Cr3C2-25NiCr coating powder. The surface roughness
values for the Cr3C2-25NiCr, 5 and 10 wt.% YSZ reinforced Cr3C2-25NiCr nanocomposite coated
samples were found to be 3.75 um, 3.14 and 2.43 um, respectively. Better surface characteristics were
observed for 10 wt.% percent YSZ reinforced Cr3C2-25NiCr nanocomposite coating as compared to
the conventional Cr3C2-25NiCr coating, as the surface roughness decreased because of the addition
of YSZ nanoparticles. The decrease in porosity with the addition of carbon nanotubes has also been
reported in the literature by Khesri et al. [38] and Guo et al. [39]. Goyal and Goyal [40] also reported
that carbon nanotubes interlocked the particles of Cr3C2—20NiCr and improved the mechanical and
microstructural properties of conventional Cr3C2—20NiCr coating.

In comparison to the base material, the microhardness values of all coated specimens were found
to be extremely high, as shown in Figure 1. Microhardness values for typical Cr3C2—-25NiCr ranged
from 918 to 978 Hv. With an increase in nano YSZ weight percent in the Cr3C2-25NiCr matrix,
microhardness values improved even further. The inclusion of nanoparticles in the coating matrix
improved indentation resistance. The high heat conductivity of YSZ may result in increased melting
and, as a result, an increased microhardness of YSZ reinforced coatings. The nano YSZ particles were
uniformly scattered in Cr3C2-25NiCr matrix, filling the pores in the coating matrix, which resulted in
a decrease in the porosity of the matrix. According to Tian et al. [41], the increase in hardness can be
attributed to a decrease in porosity of the coating matrix and may also be due to dispersion hardening.

Cr and Ni are the main phases and Ni is the minor phase as was identified by X-ray diffraction
analysis of Cr3C2-25NiCr coated T22 boiler tube steel specimen. The identification of small peaks of
Fe and Si in XRD spectra might be due to the diffusion of these elements from substrate alloy to the
coating matrix due to porosity in the matrix. The XRD spectra of 5 wt.% and 10 wt.% YSZ reinforced
Cr3C2-25NiCr nanocomposite coated samples revealed major phases of Cr and Ni, along with YSZ in
the coating matrix. The increase in the formation of noncrystalline amorphous phases occurs
because of very fast cooling during the spraying process. Stewart et al. [42] reported that the
presence of different phases and their proportion mostly depend on the process conditions at the
time of the depositing of the coating powder on the base material.

FE-SEM with EDS analysis of conventional Cr3C2-25NiCr, 5 and 10 wt.% YSZ reinforced
Cr3C2-25NiCr nanocomposite coatings on T22 boiler steel showed that coatings obtained are dense,
uniform and a proper coalescence of YSZ with Cr3C2-25NiCr have been taken place and YSZ particles
have been distributed uniformly within the coating matrix. Energy dispersive spectroscopy exa-
mination of all coatings revealed that the elemental composition of the various coatings was found
to be comparable to that of the feedstock powder. EDS analysis of Cr3C2-25NiCr coating revealed
the presence of Fe and Si in the composition, which may be due to the diffusion of Fe and Si from
the substrate to the coating matrix due to porosity in conventional coating. Diffusion of base
elements through pores/voids in the coating matrix has also been reported by various authors [34-
37]. The cross-sectional morphology of all coatings indicated dense and uniform misconstrue. All
the coatings had a uniform and intact misconstrue. Nano YSZ coatings indicated that YSZ particles
had uniformly mixed in the base matrix throughout the matrix. Reinforcement of nano YSZ particles
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in Cr3C2-25NiCr coating had filled the gaps, reducing porosity which prevented the diffusion of base
elements to the coating matrix, thereby increasing the microhardness of the coatings.

The present study revealed that adding YSZ nanoparticles to conventional coatings improved
bonding at the substrate-coating interface, filled voids/pores in the coating matrix, enhanced
microhardness, and resulted in dense and uniform coatings on boiler steel samples.

Conclusions

The following conclusions are made from this experimental work:

The thickness of HVOF sprayed Cr3C2-25NiCr, 5 wt.% and 10 wt.% YSZ reinforced Cr3C2-
25NiCr nanocomposite coatings was found to be in the range of 250-260 um.

With the increase in YSZ concentration in nanocomposite coating, the porosity value decreases.
The 10 wt.% YSZ-(Cr3C2-25NiCr) coating was discovered to have the lowest porosity value of
1.25%. A decrease in porosity resulted in an improvement in surface roughness values.

The highest microhardness was found for 10 wt.% YSZ reinforced nanocomposite coating and
was in the range of 1088-1068 hv. This might be due to the filling of pores/voids in the coating
matrix by nano YSZ particles.

XRD spectra of all nanocomposite coatings indicated the formation of non-crystalline
amorphous phases due to very fast cooling during the spraying process.

SEM/EDS analysis of Cr3C2-25NiCr coating indicated the presence of Fe and Si, which might
be due to the diffusion of these elements through pores in the coating matrix. SEM/EDS
analysis of YSZ reinforced nanocomposite coatings indicated a uniform and dense coating
surface and there was no diffusion of base elements because of the filling up of voids/pores
by nanoparticles.
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