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Abstract: The present work investigates the hot-corrosion behavior of carbon nanotube (CNT)-reinforced chromium oxide coatings on boi-
ler steel in a molten salt (Na,SO,~60wt%V,0s5) environment at 700°C under cyclic conditions. The coatings were deposited via the
high-velocity oxygen fuel process. The uncoated and coated steel samples were subjected to hot corrosion in a silicon tube furnace at 700°C
for 50 cycles. The kinetics of the corrosion behavior was analyzed through mass-gain measurements after each cycle. The corrosion products
were analyzed by X-ray diffraction, scanning electron microscopy, and energy-dispersive X-ray analysis techniques. The results revealed that
uncoated steel suffered spallation of scale because of the formation of nonprotective Fe,0; scale. The coated steel samples exhibited lower
mass gains with better adhesiveness of oxide scale with the steel alloy until the end of exposure. The CNT-reinforced coatings were con-
cluded to provide better corrosion resistance in the hot-corrosion environment because of the uniform dispersion of CNTs in the coating ma-

trix and the formation of protective chromium oxides in the scale.
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1. Introduction

The development of new high-temperature materials is
important for increasing the power output of coal-fired
thermal power plants [1-3]. These new materials include
thermal spray coatings, which are used on boiler steels to
reduce hot corrosion at high temperatures [4—6]. The use of
low-grade fuels, along with the presence of high tempera-
tures and contaminants such as sodium, sulfur, and vana-
dium, leads to hot corrosion of boiler components. The
hot corrosion degrades the properties of the boiler steels,
ultimately leading to premature failure of boiler compo-
nents [4,7-8]. Thermal spray coatings can increase the li-
fespan of boiler components used in high-temperature envi-
ronments [9-10]. When powder spraying techniques are
used to deposit these coatings, the resultant coatings are
porous, with large numbers of pores. The corrosive elements
attack the substrate steels through these pores and thereby
induce corrosion [11-12]. This attack leads to the formation
of an oxide layer on the surface of the substrate steel. Sidhu
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et al. [13] have reported that the formation of such an oxide
layer is the main cause of failure of these coatings in
high-temperature environments.

Some researchers have attempted to improve the corro-
sion resistance of such coatings by altering their micro-
structure by varying the parameters used in the spraying
technique or by applying post treatments to already devel-
oped coatings [14—17]. Li ez al. [18] have enhanced the sur-
face flatness and corrosion resistance of coatings by laser
heating. A few authors have altered the microstructure by
mixing conventional powders with ceramic powders, cermets,
and rare-earth oxides. Rani ef al. [19] added Cr,O3 to AL,O;
powder to enhance the hot-corrosion resistance by the forma-
tion of protective oxides of Cr and Al. Saremi et al. [20] de-
creased the thickness of the oxide layer by depositing a
composite coating of alumina in an yttria-stabilized zirconia
matrix, resulting in enhanced high-temperature corrosion re-
sistance. Yugeswaran et al. [21] reported that composite
coatings contain more interfaces than conventional coatings,
which causes blockage of pores. This blocking hinders the
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diffusion of corroding species and improves the corrosion
resistance of these coatings.

After the discovery of carbon nanotubes (CNTs) by liji-
ma [22], many researchers have reported that, because of
their exceptional mechanical properties, CNTs offer sub-
stantial opportunities for developing new composite mate-
rials [23-25]. Deng et al. [26] used CNTs to fabricate alu-
minum-based composites and revealed that the CNTs acted
as bridges across voids and cracks and were uniformly dis-
persed in the aluminum matrix. The uniform dispersion of
CNTs in an aluminum matrix also led to improvements in
mechanical properties [27-28]. Kim et al. [29] enhanced the
wear resistance of composites by reinforcing them with
Iwt% CNTs. Feng et al. [30] revealed that CNTs can be
used to enhance the microstructural properties of composites
by entering and filling the pores. A few researchers have
developed CNT-reinforced Al,O; thermal spray coatings
with enhanced room temperature corrosion and wear resis-
tance [31-35]. However, the literature contains no previous
studies of the high-temperature corrosion behavior of
CNT-reinforced Cr,05 coatings on boiler-tube steels.

The present work focuses on the hot-corrosion behavior
of high-velocity oxygen fuel (HVOF)-sprayed chromium
oxide and Iwt%, 2wt%, 4wt%, 6wt%, and 8wt%
CNT—Cr,05 composite coatings on ASTM-SA213-T22 (T22)
boiler-tube steel at 700°C in a molten salt environment. The
T22 boiler-tube steel was selected as the substrate material
in this work because it is used in the boiler components in
Indian thermal power plants. Na,SO,~60wt%V,05 salt is
used because it simulates the conditions of molten sulfates
and vanadates deposits, which are formed when combustion
products of low-grade fuels condense in actual boilers.
Mass-gain measurements during each cycle were used to
investigate the kinetics of hot corrosion, and the corrosion
products were characterized by X-ray diffraction (XRD),
scanning electron microscopy with energy-dispersive analy-
sis (SEM/EDAX), and X-ray mapping techniques.

2. Experimental
2.1. Preparation of coatings

The base material (T22) in the form of a boiler-tube was
procured from Guru Nanak Dev Thermal Power Plant, Ba-
thinda, India; samples with dimensions of 22 mm x 15 mm
x 3 mm were cut from the boiler-tube. Commercially avail-
able chromium(III) oxide (Cr,O3) powder with particle sizes
of (45 + 10) pm was mixed with CNT powder in a ball mill.
Five different composite powders were prepared with vari-
ous contents of CNTs: 1wt% CNTs, 2wt% CNTs, 4wt%
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CNTs, 6wt% CNTs, and 8wt% CNTs. The Cr,O; powder
and composite powders were sprayed onto the T22 samples
at Metallizing Equipment Company Pvt. Ltd., Jodhpur, In-
dia, using their high velocity oxy fuel (HVOF, HIPO-
JET-2100) equipment. A total of six different coatings were
developed on the T22 samples (Table 1). The thickness of
the coatings was monitored with a Minitest-2000 thin-film
thickness gauge during the spraying process; the thickness
of all of the coatings was in the range from 250 to 255 pum.
The porosity of all of the coatings was evaluated from SEM
micrographs of cross-sections via the image analysis method
using the LEICA Image analyzer software. The porosity of
the Cr,0; coating was 1.90%. With the addition of CNTs to
the Cr,0;3, the porosity of the composite coatings decreased.
The porosity values of the coatings with 1wt%, 2wt%, 4wt%,
6wt%, and 8wt% CNTs were found to be 1.84%, 1.79%,
1.71%, 1.61%, and 1.52%, respectively. The literature related
to fabrication and investigation of the properties of these coat-
ings has been published elsewhere by same authors [36—-38].

Table 1. Composition of different coatings wt%
Type of coating Cr,04 CNTs
Cr,05 100 0
Cr,O3-1wt%CNT 99 1
Cr0;2wt%CNT 98 2
Cr,0;4wt%CNT 96 4
Cr,0;-6Wt%CNT 94 6
Cr,0;—-8wt%CNT 92 8

2.2. Hot-corrosion studies in molten salt (Na,SO4
60wt%V,05)

Hot-corrosion experiments were carried out in a silicon
tube furnace at 700°C. The physical dimensions (length,
breadth, and thickness) of the samples were measured be-
fore the experiment. Acetone was used to rinse the samples
before they were dried in hot air to remove moisture from
their surface. The samples were then preheated to 250°C in
an oven, and a salt mixture of Na,SO,~60wt%V,0s dis-
solved in distilled water was coated onto the samples with a
camel-hair brush. The loading of salt on the samples was
kept in the range from 3.0 to 5.0 mg-cm 2 [39]. The samples
were placed in alumina boats and then dried in an oven for
3 h at 100°C; they were subsequently weighed along with
the alumina boats. The samples and alumina boats were then
subjected to hot corrosion in a silicon tube furnace at 700°C
for 50 cycles. Each cycle consisted of 1 h of exposure in
the furnace followed by 20 min of cooling at room tem-
perature [19,39]. After each cycle, the mass of the sample
along with its alumina boat was recorded. After the
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hot-corrosion experiments, the corroded samples were ana-
lyzed by XRD, SEM/EDAX, and cross-sectional tests to
characterize the corrosion products.

3. Results
3.1. Visual examination

The macrographs of the uncoated T22 samples and the
samples coated with Cr,O; reinforced with different con-
tents of CNTs, as obtained after hot corrosion in the molten
salt environment (Na,SO,~60wt%V,0s) at 700°C for 50
cycles, are shown in Fig. 1. For the uncoated T22 steel (Fig.

1(a)), scale formation was observed at the end of the second
cycle at 700°C; swelling of the scale was observed at the
end of 18th cycle during the experiment. Minor spalling
with cracks began appearing during the 23rd cycle, and the
scale formation continued until the 50th cycle. In the case of
the Cr,Os-coated T22, as shown in Fig. 1(b), the color of the
sample turned greenish-black after the 8th cycle and minor
cracks appeared in the coating after the 45th cycle. The ma-
crographs of the CNT-reinforced Cr,O;-coated T22 steel
samples are shown in Figs. 1(c)-1(g). All of the
CNT-reinforced coatings were found to be intact, smooth,
and without any signs of cracks or spallation.

Fig. 1. Macrographs of the corroded uncoated and coated T22 samples after hot corrosion at 700°C: (a) uncoated; (b) Cr,03; (c)
Cr0;-1wt%CNT; (d) CryO32wt%CNT; (€) Cry034wt%CNT; (f) Cry05—6wt%CNT; (g) CryOs—8wt%CNT.

3.2. Mass-change kinetics

The mass-change plots for all of the samples after hot
corrosion are shown in Fig. 2. Mass-gain measurements
were used to identify the kinetics of corrosion, where a large
mass-change indicates a high corrosion rate. In the case of
hot corrosion of uncoated T22 steel at 700°C, the mass gain
(mass gain indicates the mass gain per unit area) was slow
for first 5 cycles but increased after 5th cycle and continued
to increase until the end of 50 cycles. The plot shows that
the mass gain of Cr,0;-coated T22 steel increased after the
20th cycle; however, the mass-gain rate was much lower
than that of the uncoated T22 sample. The mass-gain rate
decreased when CNTs were introduced into the Cr,O; coat-
ing matrix, as evident in the plots shown in Fig. 2.

The cumulative mass gain for the Cr,Os-coated T22
steel was 4.20 mg-cm 2, which is substantially less than
that for uncoated T22 steel (76.94 mg-cm 2). The Cr,05
coating reduced the overall mass gain by 94.5%. With the
addition of CNTs to the Cr,O; coating, the overall mass gain

further decreased after hot corrosion at 700°C for 50 cycles.
The cumulative mass gain for the Cr,O;—1wt%CNT-,
Cr032wt%CNT-, Cr,034wt%CNT-, Cry0;—6wt%CNT-,
and Cr,0;—8wt%CNT-coated T22 steel after hot corrosion at
700°C for 50 cycles was found to be 3.27, 2.38 mg-cm 2,
1.89, 1.82, and 1.18 mg-cmfz, respectively. Therefore, the
CrO3—1wt%CNT, Cry032wt%CNT, Cr,0;—4wt%CNT,
Cr,0;—6Wt%CNT, and Cr,0O;—8wt%CNT coatings on T22 steel
reduced the cumulative mass gain of the T22 steel by 94.8%,
96.9%, 97.5%, 97.6%, and 98.5%, respectively. After hot
corrosion in a molten salt environment at 700°C for 50 cycles,
the Cr,O;—8wt%CNT coating on T22 steel exhibited the
highest corrosion resistance among the investigated coatings.
A plot of (mass gain)® versus the number of cycles is
shown in Fig. 3; it shows the nature of the fit for
high-temperature corrosion at 700°C for uncoated and
coated T22 samples. The curve for uncoated T22 steel
shows some deviation from a parabolic rate law, whereas
the samples coated with Cr,0O; and CNT-reinforced Cr,O;
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very nearly follow a parabolic rate law. The parabolic rate
constant (K,) was calculated from the slope of the fitted li-
near regression line. The K, values, along with the cumula-
tive mass gain after exposure, are shown in Table 2. The K,
values for the coated T22 samples were found to be substan-
tially lower than that for the uncoated T22 steel sample. The
cumulative mass gain was found to decrease with increasing
CNT content in the Cr,O3 coating matrix.
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Fig. 3. Plot of (mass gain)2 versus the number of cycles (50
cycles) for all samples after hot corrosion.

Table 2. Parabolic rate constants and cumulative mass gains
for all samples

Type of coating " 12<p/ Y Cumulative ma};s gain /
(10 "g-em s ) (mg-em )

Uncoated T22 328.87 76.94
Cn0; 0.98 4.20
CryO3—1wt%CNT 0.59 3.27
CryO32wt%CNT 0.31 2.38
CryO3—4wt%CNT 0.20 1.89
CryO3—6wWt%CNT 0.18 1.82
CryO3—-8wt%CNT 0.08 1.18
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3.3. XRD analysis

The XRD analysis results for the uncoated samples and
the CNT-reinforced coatings after hot corrosion at 700°C are
shown in Figs. 4(a)—4(g). In the case of the corroded sample
of uncoated T22, Fe oxides are identified in the scale (Fig.
4(a)). XRD analyses of the Cr,O; and CNT-reinforced Cr,0;
coatings after corrosion indicate Cr,O; as the main phase.
Peaks of carbon are observed in the XRD patterns of all of
the CNT-reinforced-Cr,0;-coated T22 steel samples (Figs.
4(c)4(g)). Minor peaks of Na,SO4 and V,0s are also evi-
dent in the XRD patterns of all of the samples.
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Fig. 4. XRD patterns of corroded uncoated and coated T22
samples after hot corrosion at 700°C: (a) uncoated; (b) Cr,0;;
(¢) CryO5-1wt%CNT; (d) CryO32wt%CNT; () CryO54wt%CNT;
(®) Cr,03-6Wwt%CNT; (g2) CryO;—8wt%CNT. +Fe,03; c—Carbon;
1—Na,S0,; vV—V,05; y—Cr,05.

3.4. SEM/EDAX analyses

FE-SEM micrographs of uncoated and coated T22 steel
after hot corrosion in a Na,SO,~60wt%V,0s environment at
700°C are given in Fig. 5, along with the corresponding
EDAX analysis results. The oxide scale of corroded un-
coated T22 (Fig. 5(a)) appears to comprise randomly
oriented flakes with irregular shapes and also appears to be
porous. The EDAX analysis results show that the oxide
scale mainly consists of iron and oxygen, which indicates
the possible formation of iron(Ill) oxide (Fe,Os). The scale
composition also indicates the presence of minor amounts of
Na and V. The micrograph of Cr,Os-coated T22 after hot
corrosion at 700°C is shown in Fig. 5(b) and indicates a no-
dular structure with white and gray contrast phases. EDAX
analysis at points 1 and 2 revealed that the scale mainly
consists of Cr and O. The presence of Fe, Na, and V is indi-
cated at point 1, and that of Fe and V is indicated at point 2.
The presence of Fe might be due to diffusion from the sub-
strate to the oxide scale during hot corrosion. The micro-
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graph of the Cr,Os—1wt%CNT-coated T22 steel (Fig. 5(c))
indicates a substantial amount of Cr and O with small
amounts of C, Na, and V in the scale. The indication of C
confirms the presence of CNTs in the oxide scale. The
micrographs and EDAX analysis results for the
Cr032wt%CNT-, Cr,0;—4wt%CNT-, Cr,0;—6wt%CNT-,
and Cr,0;—8wt%CNT-coated T22 boiler steel are shown in
Figs. 5(d)-5(g), respectively. The scales of all of the samples
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4. Discussion

CNT-reinforced-Cr,Os-matrix-based composite coatings
were deposited onto T22 steel with various CNT contents.
The thickness of all types of coatings was found to be in the
range from 250 to 255 um. The porosity of the conventional
Cr,0; coating was 1.90%, which was further reduced with
increasing CNT content in the Cr,O; matrix. Keshri and
Agarwal [40] have attributed this decrease in porosity to the
absorption of more heat by powder particles due to the dis-
persed CNTs, which has led to the enhanced melting of
powder particles.

The hot corrosion of T22 steel in a Na,SO4~60wt%V,05

appear to be uniform and intact, with a regular morphology.
The EDAX analysis indicated that the scale was primarily
composed of Cr and O, with a substantial presence of C.
The amount of C increased with increasing CNT content in
the Cr,05 coating. The minor presence of Na and V is also
evident in the EDAX analysis results for each selected point
after hot corrosion at 700°C. These results confirm the
presence of molten salt elements.
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Fig. 5. SEM/EDAX analysis results for un-
coated and coated T22 steel samples after hot
corrosion at 700°C: (a) uncoated; (b) Cr,0;;
(¢) Cr,05-1wt%CNT; (d) Cr;05-2wt%CNT;
(e) Cr,0;4wt%CNT; (f) Cr,05-6wt%CNT;
(2) Cr,05;-8wt%CNT.

environment at 700°C for 50 cycles resulted in the forma-
tion of thick, porous, and a nonprotective Fe,O; scale. Dur-
ing the hot-corrosion studies, the corrosion rate of uncoated
samples increase at a comparatively higher rate during the
initial cycles, possibly because of the formation of cracks in
the oxide scale. The cracks appeared on the surface of the
sample after the initial cycles during the experiment. The
value of the parabolic rate constant was 328.87 x 10"
g*cm *s™!, and the total mass gain after 50 cycles was 76.94
mg-cm >, This high mass gain and the formation of nonpro-
tective Fe,O; during hot-corrosion experiments in a molten
salt environment has also been reported by Rani ef al. [19]
and Goyal et al. [39], and was also confirmed by XRD
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analysis and by SEM/EDAX analysis at selected points. The
cross-sectional EDAX analysis also showed that Fe and O
were present in the oxide scale, confirming the formation of
Fe,0s.

The Cr,O; coating on T22 steel mitigated the mass gain
of the steel by 94.5% after hot corrosion at 700°C. Minor
cracks and spallation of scale were observed during exposure
to hot corrosion. Better corrosion resistance of the T22 steel
was provided by the protective Cr,O; coating, whose forma-
tion was also confirmed by XRD analysis. Butler ez al. [41]
and Sadeghimeresht et al. [42] reported that the Cr,O; phase
is thermodynamically stable to very high temperatures be-
cause of its high melting point. The minor spallation of the
sample during hot corrosion studies was due to the forma-
tion of nonprotective Fe,O; as a minor phase in the scale.
The formation of Fe,0O3; might be attributable to the penetra-
tion of Fe through the voids and cracks in the coating. The
SEM micrographs indicated a nodular structure with gray
and white contrast phases, which might be due to the oxides
of chromium and iron in the scale. EDAX and cross-sectional
analyses confirmed the presence of Cr, Fe, and O at selected
points. The presence of Na and V might be due to the mol-
ten salt used in the experiments.

The mass-gain plots indicated that protection from hot
corrosion at 700°C in a molten salt environment was pro-
vided by the CNT-reinforced-Cr,0; coatings on T22 steel.
All of the CNT—Cr,05 coatings were intact, without cracks
or spallation, after 50 cycles. The Cr,O;—1wt%CNT,
Cr,052wt%CNT, Cr,054wt%CNT, Cr,0:—6wt%CNT, and
CryO;—8wt%CNT coatings on T22 steel reduced the cumula-
tive mass gain of the T22 steel by 94.8%, 96.9%, 97.5%, 97.6%,
and 98.5%, respectively. The Cr,O;—8wt%CNT-coated T22
sample exhibited the highest corrosion resistance among the
investigated coatings exposed to a molten salt environment
at 700°C for 50 cycles. Smaller mass-gain values for the
Cr,0;—CNT-coated T22 steel samples may be due to the
presence of CNTs in the Cr,O; matrix. The XRD analysis
indicated that the main phase was Cr,O;, accompanied by
carbon, which confirmed the presence of CNTs in the coating
matrix even after hot-corrosion studies. Singhal et al. [43] and
Ahmad et al. [44] have also reported XRD peaks of carbon
in the coating matrix. The comparatively better corrosion
resistance of the CNT-reinforced coatings might be due to
the presence of CNTs and the formation of a protective
Cr,0O3 layer in the scale during hot-corrosion exposure at
700°C. The CNT-reinforced coatings were found to be intact,
as revealed by SEM micrographs, and EDAX analysis fur-
ther confirmed the presence of Cr, O, and C at selected
points. The cross-sectional analysis further confirmed the
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uniform distribution of carbon throughout the coating
cross-section. The uniform presence of CNTs was responsi-
ble for the decrease in porosity of the coatings, which fur-
ther helped to prevent attack of the corroding species at the
T22 steel substrate during the hot-corrosion experiments in a
molten salt environment. In the literature, CNTs have been
reported to be able to enter the voids in such coatings to re-
duce their porosity [33,45], and a dense coating always pro-
vides better corrosion protection than a porous coating.
Therefore, the reinforcement of CNTs in the Cr,O; matrix
enhanced the corrosion resistance of the conventional Cr,O5
coating.

5. Conclusions

In this research work, the hot-corrosion behavior of
CNT-reinforced Cr,0; coatings on T22 steel was investi-
gated at 700°C in a molten salt environment. The uncoated
T22 steel exhibited greater mass gain and a higher corrosion
rate, resulting in the formation of thick, porous, and nonpro-
tective Fe,0; scale during hot-corrosion studies in a molten
salt environment at 700°C. The mass gain of the Cr,Os-coated
T22 steel was 94.5% lower than that of the uncoated steel
because of the formation of protective oxides of chromium.
Some cracks with minor spallation of scale were observed
after hot-corrosion studies because of the formation of iron
oxide. The Fe,O; was formed by the penetration of Fe
through the voids in the Cr,Os coating. All of the Cr,Os—CNT
coatings showed comparatively lower mass gains than the
Cr,0; coating, and the mass gain decreased with increasing
CNT content in the coating. All of the Cr,O;—CNT coatings
were intact, with no cracks or spallation, after 50 cycles dur-
ing the hot-corrosion experiments. The Cr,O;—1wt%CNT,
CryO032wt%CNT, Cr,034wt%CNT, Cr,0s—6wt%CNT,
and CryO;—8wt%CNT coatings on T22 steel reduced the
cumulative mass gain of the T22 steel by 94.8%, 96.9%,
97.5%, 97.6%, and 98.5%, respectively. The XRD analysis
of all of the CNT-reinforced coatings indicated that Cr,0;
and carbon phases were present; the presence of Cr, O, and
C was also confirmed by EDAX and cross-sectional analys-
es. The addition of CNTs resulted in a reduction in porosity
by the CNTs filling the voids in the Cr,O; coating, with in-
terlocking of particles; the interlocked CNTs blocked the
penetration of corroding species, thereby enhancing the
corrosion resistance of the composite coatings.
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