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Abstract

Three ratios of Ce (0.4 wt.%, 0.8 wt.%, and 1.2 wt.%) were added in Cr;C,—NiCr powder and coated on TP347H steel with
HIPOJET-gun for examining the hot corrosion behaviour in Na,SO,~60V,05 salt at 750 °C. The techniques XRD, SEM/EDS,
and X-ray mapping were used to analyse the corrosion products. The current work investigates the coating and oxide scale
properties in relation to variable RE content. Moreover, the amount of Cr to develop Cr,05 is analysed after the addition of
CeO, in the coating. Among the three ratios, 0.4 wt.% of CeO, in Cr;C,—NiCr provided excellent hot corrosion resistance
due to the development of a thin oxide scale composed of Cr,05, NiCr,0,, Ce,05, and CeCrO;. From the analysis of corro-
sion kinetics and microstructure, it has been proposed that the segregation of rare earth (RE) element retards the diffusion
of cation (Cr) through Ce,O; and CeCrO;. However, the hot corrosion protection decreased after the addition of 1.2 wt.% of
CeO, in the Cr;C,—NiCr coating due to increased porosity and inclusions in the oxide scale. The RE-modified HS1, HS3,
and HSS5 coatings were able to reduce the corrosion rate by 80.34%, 52.05%, and 27.21%, respectively, in comparison with

uncoated steel.
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1 Introduction

High-temperature corrosion (HTC) phenomena play a sig-
nificant role in the selection of base materials for aero-
space, petrochemical, power plants, nuclear reactors,
heating furnace, gas turbines, waste incinerators, heat
exchangers, extrusion machines, metallurgical plants, etc.
[1, 2]. The component’s physical, mechanical, and chemi-
cal stability is the first requirement for every industry and
organization. HTC study is a common subject; therefore,
it is of great importance to increase our knowledge about
the complex corrosion processes occurring in the structural
materials used in these industries [3, 4]. Hot corrosion is
initiated when any metal/alloy surface comes in contact
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with heat and an aggressive environment (liquid, solid, and
gaseous phases) [5]. In the power industry, low-grade eco-
nomic fuel (oil, gas) after combustion generates numerous
impurities like Na, Cl, S, and V, which in turn produce
certain alkali, alkaline sulphates, oxides, and compounds.
These compounds combine to form low melting eutectics
during combustion, which initiates the hot corrosion pro-
cess [6]. In general, sulphur, sodium, and vanadium form
Na,SO, and V,05 alkali compounds, which get condensed
on the surface of the structural parts of the industries.
Further, the chemical reaction between Na,SO, and V,05
forms low melting sodium vanadates NaVO;, which is
highly corrosive due to its acidic nature [7, 8]. Thus, metals
and alloys (boiler, reheater, superheater) in the combustion
system are exposed to an aggressive environment under the
presence of flue gases O,, SO,/SO;, and CO,. Hot corro-
sion may proceed in two basic steps, i.e. initiation reaction
and propagation reaction [9]. The initiation reaction starts
after the absorption of gas on the metal surface resulting
in the formation of the oxide layer. The oxide layer iso-
lates the underlying surface from the aggressive environ-
ment [10]. At this point, the reaction continues through the
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solid-state diffusion by reactants forming a low melting
point eutectic mixture and covering the surface with a thin
film of fused salt [11]. The fused salts create basic fluxing
and acidic fluxing mechanisms depending upon the nature
of oxides with oxygen anions. The protection of the oxide
layer compromises basic fluxing in the initiation stage after
combining oxides with O?~ to form anions. At the same
time, basic fluxing of oxides transforms into acidic fluxing
in the propagation stage after the decomposition of oxides
into corresponding cations and O~ anions [12, 13]. Metal
degradation starts rapidly in the propagation reaction due
to the acidic nature of the deposit salts [14]. Moreover, the
HTC degradation of metals /alloys depends on the compo-
nent’s temperature. According to the range of temperature,
HTC is further subdivided into two categories, namely low-
temperature hot corrosion (LTHC) and high-temperature
hot corrosion (HTHC). The low-temperature hot corrosion
takes place in the range of 600-750 °C, and high-temper-
ature hot corrosion takes place in the range of 800-950 °C
[15, 16]. HTC reduces the overall efficiency and lifetime
of working components, resulting in frequent component
repair, cost of maintenance, and industry downtime, all of
which lead to huge economic losses. To combat all such
massive economic failures in industrial applications, the
degradation of components due to hot corrosion must be
remedied [17].

Techniques for preventing and controlling hot corrosion
include the appropriate selection of superalloy, protective
coatings, and cathodic protection [18]. Superalloys cannot
be immune to hot corrosion attacks indefinitely, although
there are some alloy compositions that require a long ini-
tiation time before the hot corrosion process moves from
the initiation stage to the propagation stage [19, 20]. From
the group of corrosion protection techniques, thermal spray
coating is the most effective technique that extends the life
span of the industrial material by defending them against
corrosion, corrosion—erosion, and wear [21]. Presently,
several thermal spray coating processes are used, namely
plasma arc spray, high-velocity oxy-fuel, detonation gun,
wire arc, cold spray, etc. Researchers are interested in HVOF
(high-velocity oxygen fuel) cermet coatings because of the
advantages of HVOF spraying with a relatively low flame
flow temperature (about 3000 °C), high powder flight speed,
low decomposition rate, low porosity, and strong bonding
strength [22-24].

Currently, the Cr;C,—NiCr coating is one of the most
successful cermet coatings and is widely used for high-
temperature corrosion, erosion—corrosion, and wear pro-
tection due to its high thermal stability, microhardness,
lower surface roughness, and lower microporosity [25].
Various authors [26-29] compared the performance of
HVOF-sprayed Stellite-6, Ni-20Cr, Cr;C,-25NiCr, and
NiCrBSi coatings on various superalloys after subjecting
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to a Na,SO,—V,0; salt environment at 900 °C. The authors
observed that all the coated superalloys provide better cor-
rosion resistance to the base material. In contrast, Ni-20Cr
coatings performed better than their counterparts due to
the formation of Ni and Cr oxides and spinels that pro-
vide resistance to HTC. Bhatia et al. [30] investigated
the hot corrosion of T-91 steel at different temperatures
(550, 700, and 850 °C) for 50 cycles after depositing
Cr;C,—25%(Ni-20Cr) coating with the HVOF gun. The
results indicated that the formation of Cr,05, along with
NiO and NiCr,0, phases, protected up to 700 °C after
that (850 °C) coating failed due to penetration of molten
salt (Na,SO,-V,0;) species. Baiamonte et al., [31]
examined the hot corrosion resistance of HVOF-sprayed
Cr;C,-25%NiCr, Cr;C,-25%CoNiCrAlY, and SiO,
(nano) + mullite 60% (Al,0;—Si0,) coatings in as-sprayed
and post-treated (laser) conditions under the mixture of
Na,SO,+60%V,05 at 700 °C, for 50 h, 100 h, and 200 h,
respectively. Authors reported that post-treated (laser)
Cr;C,—NiCr coating reduced the overall material con-
sumption rate as compared to its counterparts, which may
attribute to the oxides of Cr,0;, Cr;C,, and Ni as revealed
by XRD results. Shi et al. [32] explored the hot corrosion
performance of HVOF deposited Cr;C,—NiCr-NiCrAlY
coating under the Na,SO, environment at 750 °C, 800 °C,
and 900 °C. The combination of Cr;C,—NiCr-NiCrAlY
coating exhibited good resistance to Na,SO, hot corrosion
at 750 °C, mainly because of the dense Cr,0; scale that
slowed down further corrosion attack. The above combina-
tion of coatings shows longitudinal cracks in the tempera-
ture range of 800 °C and 900 °C. Authors [33-36] explored
the hot corrosion resistance of Cr;C,—NiCr coatings depos-
ited with HVOF and APS spraying guns on various boiler
tube steels (T-22, 304SS, and alloy 80A) in the presence
of Na,SO, +60%V,0; salt in the temperature range of
800-950 °C for 50 cycles The superior hot corrosion
resistance was obtained due to the formation of oxide lay-
ers consisting of Cr,03, Cr,0,, NiO, and NiCr,0, phases.
From the comparison point of view, the HVOF-coated sub-
strates represent better protection than the APS process.
The uncoated specimen degrades at a faster rate than the
coated samples. Moreover, the Cr;C,—25%NiCr-coated
steels performed better at 800 °C as compared to 900 °C
and 950 °C. From the literature, it is concluded that the
thermal stability of the Cr;C,—NiCr coating gets affected
in the presence of a molten salt environment. Molten salt’s
role as an oxygen carrier encourages the penetration of cor-
roding species, lowering the barrier to hot corrosion. Gen-
erally, Cr;C,—NiCr coating provides better protection in an
aggressive environment due to the combination of carbide
phase (Cr;C,) and metallic binder phase (NiCr). Besides
the mechanical, microstructural, and chemically stable
properties (creep, fatigue, microhardness, microporosity,
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Table 1 Actual composition

. Element Cr Ni
(Wt.%) for “TP347H” boiler

C Mn P S Si Nb Fe

tube steel used in present study Wt.% 17.53 11.42

0.067 1.54 0.024 0.001 0.59 0.70 Bal

wear, oxidation, etc.), oxide scale dissolution and cracking/
spallation resistance in the molten salt are equally essential
for successful operation at high temperatures. Although
conventional coating provides protection to the base mate-
rial, the oxide scale may dissolve (acidic reaction) or crack
(residual stresses) at high temperatures [37].

Many reports explored that the doping of rare earth ele-
ments (RE) in the coatings can further improve the micro-
structure, enhancing coating stability in front of HTC attack
[38, 39]. Studies reported by various researchers [40—42]
show that RE elements (Y, Zr, La, Gd, Dy, and Ce) can
improve the coating microstructure by refining grain size,
adhesion strength, plasticity, stress-relieving, and oxide
growth rate, pegging formation and chemical stability.
From the above addressed RE elements, the cerium/cerium
oxide (lanthanide) has a unique property to store and release
oxygen when subjected to high temperature [43]. Due to
this characteristic, it is used in various applications such
as automobile catalytic converts, biomedical implants, solid
fuel cells, polishing compounds, and high-temperature coat-
ings [44]. This research, therefore, has been conducted to
elucidate the role of CeO, particles on the hot corrosion
behaviour of TP347H steel after blending in Cr;C,—NiCr
coating with different fractions ((0.4 wt.%, 0.8 wt.%, and
1.2 wt.%) and the result can provide some valuable infor-
mation to utilize in enhancing the life of power plant boiler
components. Moreover, the influence of ceria on coatings
microstructural changes is characterized using basic analysis
techniques. Furthermore, the effect of three ratios of ceria
on oxide scale thickness is also observed after the hot cor-
rosion study.

2 Materials and Methods

For the current research experiment, ASTM-A312 grade
TP347H austenite steel had been selected as substrate mate-
rial, which is widely used in boiler superheater, reheater,
and heat exchanger tubes. The tube of 55 mm diameter
was taken from Guru Nanak Dev Thermal Plant, Bathinda,
Punjab (India). The chemical composition of substrate
steel was analysed with X-ray fluorescence spectroscopy
(XRF), which is reported in Table 1. The samples of
20 mm X 15 mm X 5 mm were cut from a fresh tube with
a wire cut EDM and polished with emery papers (220 pm
to 800 um). The chemical composition and designations of
the feedstock powders after homogeneous blending with jar
milling are reported in Table 2. All samples were grit blasted

Table 2 Designation used for each specimen during present study

Specimens Nomenclature
1. 75Cr;C,-25NiCr HS

2. 75Cr3C,-25NiCr+0.4 wt.%CeO, HS1

3. 75Cr3C,-25NiCr +0.8 wt.%CeO, HS3

4. 75Cr;C,-25NiCr + 1.2 wt.%CeO, HS5

Table 3 Spray parameters employed for HVOF coating (HIPOJET
2700)

Parameter Value
Oxygen flow rate 200 SLPM
Fuel (LPG) flow rate 50 SLPM
Air-flow rate 900 SLPM
Spray distance 200 mm
Powder feed rate 38-40 g/min
Fuel pressure 6.00 kg/cm?
Oxygen pressure 8.00 kg/cm?
Air pressure 6.00 kg/cm?

Flame temperature 1900-2200 °C

SLPM standard litre per minute

with alumina powder before coatings were applied using a
high-velocity oxy-fuel (HVOF) gun provided by Metalliz-
ing Equipment Pvt. Ltd. Jodhpur (Rajasthan). The various
technical parameters of HVOF spraying are listed in Table 3.
Around 220-290-um-thick coatings were formulated on the
TP347H steel. The as-coated samples were characterized
using JEOL-7610Plus, Japan, with EDS genesis software
and an X-rays diffractometer (Bruker AXS D-8, Germany)
to evaluate the surface microstructure and phase compo-
sitions of alloy powder. The coating powder morphology
(SEM/EDS) for Cr;C,-NiCr and CeO,-blended Cr;C,—NiCr
powders is shown in Fig. 1a and Fig. 1b, respectively. The
surface characterization results (SEM/EDS) of as-deposited
coatings are depicted in Figs. 2, 3, 4, and 5. The surface
roughness, microporosity, and microhardness results of the
as-deposited coatings are reported in Table 4.

2.1 Coating Characterization
The surface characterization results of as-deposited coat-
ings are depicted in Figs. 2, 3, 4, and 5. The conventional

carbide coating (HS) indicates the major phases of Cr;C,,
Cr, and Ni. In contrast, ceria-modified chromium carbide
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Fig. 1 FESEM micrograph of coating powders a Cr;C,—NiCr pow-
der with EDS analysis b CeO, (1.2 wt.%) doped Cr;C,-NiCr powder
with EDS analysis

coatings (HS1, HS3, and HSS5) show the presence of sig-
nificant phases of Cr;C,, Cr, and Ni, along with CeO,. The
coating surface shows the typical characteristics, i.e. the
homogeneous microstructure of spread molten droplets, a
visual interface between solidified melted, partially melted,
and unmelted particles without cracks and inclusions. The
unmelted particles on the coating’s surface were reduced
(Fig. 3b) after adding a rare earth element in a lower con-
centration (0.4 wt-% CeO,) to the chromium carbide powder.
As the concentration of cerium increased to 0.8 wt-%, it
increased the amount of unmelted particles, as can be seen

@ Springer

in Fig. 4b. Furthermore, the amount of unmelted particles
increased (Fig. 5b) with a higher concentration of (1.2 wt-%)
of ceria in the Cr;C,—NiCr coating as compared to its coun-
terparts. The dark grey colour shows the presence of (Cr;C,)
carbides with NiCr binder (light grey). Traces of CeO,
(white colour) were also observed on the HS1, HS3, and
HSS5 coatings surface, which is confirmed by EDS results,
as indicated in Figs. 3b, 4b, and 5b, respectively.

2.2 Hot Corrosion Studies

The PID controller kept the temperature of the furnace at
750 °C. Ceramic boats were utilized to place the samples
in the furnace to carry out corrosion studies. All the sam-
ples were cleaned with acetone, and a prepared salt mixture
of Na,S0,~60%V,05 was applied in the range of 3—5 mg/
cm? using a camel hairbrush. Each sample was placed in an
alumina boat, which was then fed into the tube furnace with
the assistance of a tong. The sample was allowed to heat in
the furnace for 1 h, followed by 20 min of cooling in the air.
After every cycle, the weight of the ceramic boat, including
the specimen, can be recorded using an electronic weighing
machine. Each sample was exposed to a molten salt environ-
ment for 50 cycles. Weight gain measurements were used to
investigate the kinetics of corrosion, and the scale dislodged
from the sample was also included in the weight change
data. The surface and x-section of corroded specimens have
been analysed by XRD, SEM/EDS, and mapping techniques.

3 Results
3.1 Visual Examination

Figure 6 shows the surface morphologies of bare and HVOF-
coated samples after exposure to an aggressive environment
of molten salt (Na,SO,~60%V,05) at 750 °C inside the heat-
ing zone of the furnace for 50 cycles. For uncoated TP347H
steel (Fig. 6a), the scale formation was noticed at the end of
the 4th cycle with rusty patches, and swelling of the scale
was observed by the 20th cycle during experimentation. The
bare steel developed surface cracks by the end of the 34th
cycle. During the cyclic study, TP347H steel shows scale
cracking and spallation. In the case of HS-coated (Fig. 6b)
steel, the colour of the sample turned greenish-black from
silver-grey after the 5th cycle, and minor spallation (on the
edges) appeared in the coating after the 43rd cycle. Ceria-
modified HS1-coated steel only showed colour change with
the greenish tone and minor rusty patches after the third
cycle, which remained present throughout the study. No
scale spallation was observed for the HS1-coated steel, as
shown in Fig. 6¢. Similarly, ceria-modified HS3- and HSS5-
coated steel (Figs. 6d, e) experienced a change in colour
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Fig.2 Surface SEM/EDS analy-
sis of the HVOF as-sprayed a
Cr;C,—NiCr-coated TP347H
steel at X 500 magnification, and
b Cr;C,—NiCr-coated TP347H
steel at X 10,000 magnification

-I 4.38% || 6.74% |(76.59%][12.29% |
-I 9.14% |[ 7.23% 1[66.37%][17.26%|

Fig.3 Surface SEM/EDS analy-
sis of the HVOF as-sprayed a
0.4 wt.% + Cr;C,—NiCr-coated
TP347H steel at X 500 magnifi-
cation, and b 0.4 wt.% 4+ Cr;C,—
NiCr-coated TP347H steel

atx 10,000 magnification

-I 5.04% || 9.63% |[59.87%|[25.46%|[ 0.0% |

-I 3.04% |[10.55%][59.47%][26.48%[ 0.46% |

from light grey to dark blackish tone after the fifth and third
cycles. In the case of HS5-coated steels, minor spallation (on
edge) of the oxide scale was observed after the 35th cycle,
whereas HS3-coated steel was free from any spallation, as
shown in Fig. 6e.

3.2 Weight Gain Analysis

Figure 7 shows the weight gain bar chart for bare and HVOF-
coated samples after subjecting to an aggressive environ-
ment of Na,SO,-60%V,05 salt at 750 °C for 50 cycles.
HS1-coated steel shows minor weight gain (2.434 mg/cm?)
as compared to its counterparts. Rare earth (RE) element
(Ce) in the conventional coating acts as nucleation sites for

the oxide layer, which reduces the distance of neighbouring
oxide grains, resulting in a smaller oxide gain size. Subse-
quently, the protective oxide layer developed in a shorter
time, which helps in achieving rapid steady-state conditions
and allows minor weight gain [45, 46]. The minor weight
gain shows the protective nature of the coating. The bare
TP347H steel gained a weight of 12.381 mg/cm? during
the experiment, which might be due to a massive amount
of oxygen diffusion (including corroded species) towards
the steel substrate. In the case of bare steel, some of the
oxide scale sputtered outside the alumina, which might be
due to the excessive thermal stresses developed in the oxide
scale during the cooling cycle. From the HVOF-coated steel,
the HS sample provided the least protection with a mass
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Fig.4 Surface SEM/EDS analy-
sis of the HVOF as-sprayed a
0.8 wt.% + Cr;C,—NiCr-coated
TP347H steel at x 500 magnifi-
cation, and b 0.8 wt.% 4+ Cr;C,—
NiCr-coated TP347H steel

atx 10,000 magnification

-I 4.66% || 8.30% |[65.93%[20.84%|| 0.27% |
-I 6.52% |[11.02%][58.36%][23.25%][ 0.85% |

Fig.5 Surface SEM/EDS analy-
sis of the HVOF as-sprayed a
1.2 wt.% + Cr;C,—NiCr-coated
TP347H steel atx 500 magnifi-
cation, and b 1.2 wt.% + Cr;Co—
NiCr-coated TP347H steel

atx 10,000 magnification

-I 2.02% ][10.77%][64.28%][22.64%]| 0.29% |

-I 5.08% ][10.75%][63.42%][19.53%]|[ 1.22% |

Table 4 Coating composition;

. ! Coatings Microhardness Porosity (%age) Surface
zlllllrcf;(;l;arr(c)ll?e}sls, porosity, and (Hv) Roughness
ghness (um)
1. 75Cr;C,—25NiCr 805.4 <1.8% 5.792
2. 75Cr;C,-25NiCr + 0.4 wt.% CeO, 813.0 <1% 4.832
3. 75Cr;C,-25NiCr + 0.8 wt.% CeO, 840.9 <1.2% 4.648
4.75Cr;C,—25NiCr+ 1.2 wt.% CeO, 887.2 <1.5% 4314

gain of 10.865 mg/cm?. HS3 and HSS5 coatings provided  for combating hot corrosion attacks in a molten salt envi-
good protection to the base material, with a weight gain of =~ ronment. The weight gain bar chart illustrates that the mini-
5.936 mg/cm? and 9.011 mg/cm?, respectively. Figure 7 mum quantity of ceria (0.4 wt.%) added Cr;C,—NiCr coat-
depicts the benefit of ceria addition in conventional coating  ing (HS1) provided maximum resistance to hot corrosion,
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Fig.6 Micrographs of a bare TP347H steel, and HVOF-sprayed
b Cr;C,NiCr-coated ¢ Cr;C,-NiCr+0.4 wt.% CeO,-coated d
Cr;C,—NiCr+0.8 wt.% CeO,-coated, and e Cr;C,—NiCr+1.2 wt.%

TP347H

N
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Fig.7 Weight gain bar chart of a bare TP347H steel, and HVOF-
sprayed b Cr;C,—NiCr-coated ¢ Cr;C,—NiCr+0.4 wt.% CeO,-coated
d Cr;C,-NiCr+0.8 wt.% CeO,-coated, and e Cr;C,~NiCr+1.2 wt.%
CeO,-coated TP347H steel after subjecting to Na,SO,~V,05 salt
environment at 750 °C for 50 cycles

Weight gain/Area (mg/cm?)

o N & OO

followed by HS3 (ceria 0.8 wt.% added Cr,C,—NiCr), HS5
(ceria 1.2 wt.% added Cr;C,—NiCr), and HS (Cr;C,—NiCr)
coating. As the concentration of CeO, increases in the car-
bide coating, the performance of the ceria-doped coating
decreases. A higher concentration of ceria (0.8 wt.% and
1.2 wt.%) results in more number of nucleation sites; hence,
HS3- and HS5-coated samples attained higher weight.

3.3 XRD Analysis

Spectrums of the X-ray diffraction study for corroded bare
and HVOF-coated TP347H steel are revealed in Fig. 8.
The uncoated TP347H sample indicates (Fig. 8a) the
existence of Fe,05; and Fe;0, scale throughout its surface
along with NiFe,0,, NiCr,0,, Ni(VO;),, and NaFeO, after
being exposed to a highly hostile molten salt NaVO; and
Na,SO, phases at 750 °C for 50 h under cyclic conditions.
It can be inferred that due to the formation of the above
phases, uncoated steel weight increases continuously dur-
ing the study. After undergoing XRD analysis (Fig. 8 b),

Rusty
atches

p

Rusty
patches

spallation

Smm Smm

CeO,-coated TP347H steel after subjecting to Na,SO,-V,05 salt
environment at 750 °C for 50 cycles

the peaks generated while analysing Cr;C,-NiCr-coated
(HS) TP347H steel confirmed the presence of Cr,0;,
Cr,;C, Cr,C;, NiO, and NiCr,0, along with NaVO; and
Na,V,05 phases. The molten salt species (Na, S, and V)
react with each other at high temperatures in the presence
of oxygen to form various complex compounds, as seen in
Fig. 8. These complex compounds further penetrate/diffuse
through porosity and dissolve the protective layer of oxides,
reducing the hot corrosion resistance of the deposited coat-
ings, as shown in Fig. 9d. All the ceria-doped Cr;C,—NiCr
coatings (HS1, HS3, and HS5) show the common protective
phases of Cr,03 NiCr,O,, and CeCrO;, along with NaVO;-
and Na,SO,-corroded species as illustrated by Fig. 8c—e.
HS3- and HS5-corroded samples show one more common
phase of Ce,0; during the XRD analysis. Various research-
ers [47-49] have reported the protective nature of Cr,0;,
Cr,;Cs, Cr;,Cs, NiCr,0, CeCrO;, and Ce,O; compounds.

3.4 Surface Analysis

The morphology of the coated and uncoated samples
and the structure of elements existing at certain points
on their surface after exposure to a molten salt environ-
ment at 750 °C for 50 cycles is depicted in Figs. 9, 10,
and 11, respectively. The EDS analysis of uncoated steel
(Fig. 9a, b) shows the scale mainly consisted of Fe and O,
along with Cr and Ni. The molten salt corroding species
Na and V were also identified by the surface EDS analy-
sis. At higher magnification, bare TP347H steel shows a
plate-like structure after the reaction of molten salt and
basic constituents of the steel. The conventional carbide
coating (HS) does not provide adequate protection with
Cr and Ni, as illustrated by the surface SEM (Fig. 9c,
d). The HS-coated steel sample indicates a crack on the
surface (Fig. 9c, d); it may be due to the presence of Na
and V salt species as detected by the EDS study. Ceria-
modified carbide coatings (HS1 and HS3) successfully
protected the substrate steel with oxides of Cr, Ni, and
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Fig.8 XRD spectrums of a bare TP347H steel, and HVOF-sprayed
b Cr;C,—NiCr-coated ¢ Cr;C,-NiCr+0.4 wt.% CeO,-coated d
Cr;C,-NiCr+0.8 wt.% CeO,-coated, and e Cr;C,—NiCr+1.2 wt.%

Ce, as revealed in the SEM/EDS study (Fig. 10). There is
no crack observed during the surface analysis, as shown
in Fig. 10, which might be due to the lower wt.% of ceria
doped in Cr;C,—NiCr coating. Various authors [50-52]
reported the beneficial results of RE elements when doped
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in a lower concentration. Figure 11a shows a crack on
the surface of coated steel after subjecting to the molten
salt environment. The surface SEM/EDS study reveals the
Cr and Ni along with oxygen as major elements and Ce,
Na, V, and S as minor elements. In this case, ceria-coated
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Fig.9 Surface SEM/EDS
analysis of a bare TP347H steel
at magnification of X 500 b bare
TP347H steel at magnification
0fx 1500 ¢ Cr;C,-NiCr-coated
TP347H steel at magnification
0f X200 d Cr;C,—NiCr-coated
TP347H steel at magnification
of X500 after subjecting to
Na,S0O,-V,05 salt environment
at 750 °C for 50 cycles
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(HS5) steel shows partial protection to the substrate mate-
rial, which might be due to the higher concentration (1.2
wt.% Ce) of RE element in the carbide coating.

3.5 Cross-Sectional SEM/EDS Study

Figure 12 depicts the SEM/EDS point analysis of the
corroded bare and HVOF-coated steel after subjecting
to a molten salt corrosion environment at 750 °C for
50 cycles. The bare TP347H steel substrate experienced
a corrosion attack as iron (Fe) diffused from the base
metal (Point 1) to the top surface (Point 6), as shown in
Fig. 12a. Molten salt contaminants such as Na, V, and
oxygen travel towards the substrate surface, which is
mainly responsible for hot corrosion attacks. HS coating
provided inadequate protection due to the penetration

of the molten salt towards the oxide scale, reducing its
capability to resist hot corrosion attacks. The EDS points
6, 7, and 8 confirm Na and V presence near the coating
surface after consuming the thick protective oxide scale,
as shown in Fig. 12b. Dissolution (basic fluxing) of the
protective oxide scale was observed during the hot cor-
rosion study, which might be due to the acidic nature of
the NaVO; salt phase. Corroding species consumed the
protective oxide layer during the propagation stage of hot
corrosion. Ceria-doped (0.4 wt.%) carbide coating (HS1)
provided excellent hot corrosion resistance, as evident
by points 6 and 7 EDS analysis (Fig. 12¢). The concen-
tration of Cr and Ni at points 6 and 7 is decreased as
compared to the HS-coated sample, which might be due
to the presence of Ce in the HS1-coated steel. Compact
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Fig. 10 Surface SEM/EDS
analysis of Cr;C,—NiCr+ CeO,
(0.4 wt.%)-coated TP347H steel
at a 500x, and b 1500 X magni-
fication, and surface SEM/EDS
analysis of Cr;C,-NiCr+ CeO,
(0.8 wt.%)-coated TP347H steel
at ¢ 500x, and d 1500 X mag-
nification after subjecting to
Na,S0O,-V,05 salt environment
at 750 °C for 50 cycles
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oxide scale of Cr and Ni along with Ce is observed in
Fig. 12c.

In contrast, HS3-coated steel shows higher values of
Cr and Ni at points 6, 7, and 8 than the HS1 sample but
lower than that of HS-coated steel. No diffusion of oxygen
and corroding species (Na, V, and S) was noticed, which
is confirmed from points 4 and 5 in Fig. 12d. Points 2-5
show only the basic composition of the feedstock powder
(Cr, Ni) coating. In this case, ceria with a ratio of 0.8 wt%
in Cr;C,—NiCr coating provided good protection to the sub-
strate steel. As the ceria (1.2 wt%) ratio increases in the
conventional carbide coating, it loses its capability to pro-
vide a compact and smooth oxide scale, as shown in Fig. 12
e. EDS points 6, 7, and 8 show the higher concentration of

@ Springer

Cr, Ni, and Ce, which indicates the possibility of oxides
of these elements.

3.6 X-rays Mapping

The X-ray mapping results for the bare and HVOF-coated
samples after 50 cycles under the molten salt atmosphere at
750 °C are depicted in Figs. 13 and 14. Figure 13a shows
the hot corrosion attack of molten salt species (Na, V) on
the TP347 steel surface. Substrate elements (mainly Fe,
Cr, and Ni) diffused towards the bare steel surface, which
is validated by the X-ray mapping results. HVOF-coated
(HS) steel shows a thick oxide scale of Cr along with Ni
spinels, which enhances the hot corrosion stability of the
coating. However, the protection of the coating decreases in
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Fig. 11 Surface SEM/

EDS analysis of a Cr;C,—
NiCr+CeO, (1.2 wt.%)-coated
TP347H steel at margination
0fx 500 b Cr;C,-NiCr+CeO,
(1.2 wt.%)-coated TP347H steel
at margination of X 2000 after
subjecting to Na,SO,~V,05 salt
environment at 750 °C for 50
cycles
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the presence of molten salt, i.e. Na and V, as illustrated in
Fig. 13b. The protective oxide layer may dissolve in the pres-
ence of molten salt after the combined reaction of Na and
V to form NaVO; as identified by XRD analysis (Fig. 8b).
Ceria-doped Cr;C,—NiCr coatings (HS1, HS3) successfully
enhanced the hot corrosion resistance, as illustrated by map-
ping analysis (Fig. 14a, b). In the case of HS1-coated steel
(Fig. 14a), the ceria map confirms the role of the RE element
as the concentration of Cr and Ni is minimum as compared
to its counterparts. There is no diffusion of corroding con-
taminants (Na, V, and S) that took place, which was suc-
cessfully retarded by the dense scale of Cr and spinels of
Ni along with Ce. The map study Fig. 14a represents the
molten salt present on the surface of the oxide scale, which
might be due to the lower porosity of the coating and the
steady state of oxidation achieved by the coated steel in a
shorter time, which gives very limited time to the corroding
elements ingress towards coating. The above improvement
has occurred in the presence of lower Wt.% of Ce element.

In comparison with HS1-coated steel, HS3-coated steel
provided lower protection to the base material after it gained
a higher weight (Fig. 7). The map analysis Fig. 14b illus-
trates that the thin oxide scale consists of Cr and Ni along
with Ce element, which is distributed throughout the coat-
ing. No diffusion of corroding elements was observed dur-
ing the hot corrosion study. As the concentration (0.8 wt.%)
of Ce element increased in the Cr;C,—NiCr coating (HS3),
it increased the amount of Cr towards the oxide scale, as
shown in the map results. The map study Fig. 14c for HS5-
coated steel illustrated that molten salt species dissolve
the protective oxide scale of Cr and Ni along with Ce. In
this case, Cr;C,—NiCr coating with high wt. ratio of CeO,
gains more weight as compared to conventional (HS) and

ceria-modified (HS1 and HS3) coatings, which might be due
to the higher concentration of RE element.

4 Discussion

The bare steel showed rapid inward diffusion of oxygen and
outward migration of metal ions takes place during hot cor-
rosion. The metallic ions diffusion creates porous oxide scale
composed Fe,O; (hematite) and Fe,O, (Magnetite), phases,
along with NaFeO,, NiFe,0,, NiCr,0,, and Ni(VO5;), in the
presence of melted NaVO;, which is the product of Na,SO,
and V,05 salt after reaction at 750 °C. Above developed
phases formed after the complex chemical reactions as fol-
lows [53-56].

Ni+ 0, » NiO (1
NiO + Fe,0; — NiFe,0, )
2Cr +3/0, — Cr,0, 3)
NiO + Cr,0; — NiCr,0, 4)
NiO + 2NaVO, — Ni(VO,), + Na,0O (5)
Na, + Fe,0; — 2NaFeO,. 6)

From the above reactions, the highest weight percentage
of iron (52.57% and 49.65%) was observed in surface EDS
analysis, as depicted in Fig. 9b, which is further validated
by the XRD profile in Fig. 8a. The Fe,Oj; scale is reported
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Fig. 12 Surface SEM/EDS
analysis of a bare TP347H
steel b HVOF-sprayed Cr;C,—
NiCr-coated steel ¢ Cr;C,—
NiCr+ CeO, (0.4 wt.%)-coated
steel d Cr;C,—NiCr+CeO,

(0.8 wt.%)-coated steel and e
Cr;C,-NiCr+CeO, (1.2 wt.%)-
coated steel after subjecting to
Na,S0O,-V,05 salt environment
at 750 °C for 50 cycles
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Fig. 13 Mapping analysis of a bare TP347H steel and b HVOF-
sprayed Cr;C,—NiCr-coated TP347H steel after subjecting to
Na,S0O,-V,0s salt environment at 750 °C for 50 cycles

to be porous and unprotective, which could not block the
penetration of oxygen and corroding species. Moreover, it
affects the stability of NiCr,0, compounds [57]. Figure 6a
shows a macrograph with surface cracks of hot corroded
bare TP347H steel, which might be due to the stress gener-
ated by the continuous formation of new oxides under the

top oxide scale [58]. The formation of Ni(VOs;), (Ni vana-
date) decreases the aggressiveness of the molten salt due to
a higher melting point (700 °C) [59]. However, the NaFeO,
compound may exist after the reaction of Fe and Na in the
presence of oxygen, which is non-protective, according to
Liu et al., [60]. In the present study bare TP347H steel was
continuously consumed after developing non-protective
oxides of iron during the hot corrosion study.

The oxide scale formation is also validated by the change
in colour of the HS-coated sample from light grey to dark
grey (Cr,0;) along with dark green (NiO) patches [61]. The
molten salt mixture has also been ingressed on the surface
of HS-coated steel. Points 1 and 2 on the surface (Fig. 9d)
suggest the formation of Cr and Ni oxides, which is further
confirmed by the mapping analysis (Fig. 13b). Moreover,
the oxides authenticated by XRD results (Fig. 8b) indicate
the occurrence of a major phase of Cr,0; and NiO along
with Cr,;C¢, Cr;C; NiCr,0,, and minor phases of NaVO;
and V,05.The topmost developed oxide scale of Cr,O;
enhances the hot corrosion protection up to 950 °C [62-65].
In addition, the spinels of Ni and Cr (NiCr,0,—Eq. 4) also
facilitated hot corrosion resistance due to their low diffu-
sion coefficient than parental oxides [66]. The thick and pro-
tective oxide scale (100 um) of Cr,05 along with NiCr,0O,
spinels acted as a barrier to corroding species after sealing
the boundaries/paths towards coating [67]. Nevertheless, the
presence of NiO in the oxide scale may reduce the stability
of the coating due to its porosity (partially), which may allow
the oxidizing and corrosive species to reach the coating and
substrate, as reported by [68, 69]. However, the oxide scale
may dissolve in the propagation stage of hot corrosion in the
presence of molten salt, as can be seen in Fig. 12b. Depend-
ing upon the salt composition (Na,S0,:V,0s), the Cr,04
scale may dissolve in Na,SO, as anionic species (basic flux-
ing) or cationic species (acid fluxing) [70]. Acidic NaVO;
compound formed after the reaction between Na,SO, and
V,05 via the following reaction [71].

Na,SO, + V,05 — 2NaVO; + SO;(gas) @)

The melting point (610 °C) of the NaVO3 eutectic mix-
ture is much lower than the current investigation (750 °C).
So, it easily combines with the Cr,0; oxide scale according
to the following steps [72, 73].

Cr,0; + 4NaVO; + 350, — 2Na,CrO, +2V,05.  (8)

Sodium vanadyl vanadate compound consumes Cr from
the oxide scale after forming Na,CrO,, which is a volatile
phase that can be evaporated as gas [74]. Moreover, the
surface SEM Fig. 9c depicts cracks in the coating, which
might be due to the stress generated after heating and cool-
ing cycles. These stresses (compressive/tensile) directly
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Fig. 14 Mapping analysis of a
Cr;C,-NiCr+CeO, (0.4 wt.%)
coated, b Cr;C,—NiCr+CeO,
(0.8 wt.%), and ¢ Cr;C,—
NiCr+ CeO, (1.2 wt.%)-coated
TP347H steel after subjecting to
Na,S0O,-V,05 salt environment
at 750 °C for 50 cycles

affect the plasticity of the oxide scale, which is released after
deformation/cracking through the oxide scale [75].

RE element in the Cr3C2-NiCr coating successfully
reduces the concentration of Cr towards the top of the
coatings, which is parallelly confirmed from surface EDS,

@ Springer

cross-sectional, and X-rays mapping results. EDS points 1
and 2 (Fig. 10b) represent the lower weight percentage of
Cr (52.56%, 56.23%) and Ni (10.34%, 8.26%) along with
Ce (0.37%, 0.52%), suggesting the formation of oxides
of the above elements in the presence of oxygen under
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salt environment. Moreover, the x-sectional point analysis
(Fig. 12¢) for HS1-coated steel also illustrates that the
RE element (CeO,) reduces Cr migration towards the top
surface of the coating. Due to the lower diffusion of chro-
mium for HS1-coated steel produces thin (Approx. 40 um)
and compact oxide scale of Cr,O5 along with spinels of
NiCr,0, CeCrO; phases. The above oxides and spinels of
Cr and Ni formed after reactions, as illustrated in Egs. 3
and 4. Similarly, oxides and spinels of Ce and Cr devel-
oped after the decomposition of CeO, and the reaction of
Cr,0; and CeO, according to the following relations [76].

CeO, - Ce+0, )
Ce0, — Ce,0; + 150, (10)
Ce,0; + Cr,05 — 2CeCrO;. (11)

Various authors [65] [77, 78] reported that Cr,05,
NiCr,0,, and CeCrOj; phases are thermodynamically stable
in various aggressive environments. Moreover, the molten
salt phases, Na,SO, and NaVOj;, could not penetrate through
the oxide scale, which shows the protective nature of the
coating. The above improvement in the oxide scale might
be due to the combined effect of ‘heterogeneous nucleation’
and ‘segregation’ mechanisms done in the presence of ceria
[79]. In the heterogeneous nucleation mechanism, CeO, acts
as a nucleation site for the newly developed grains, resulting
in a small gain size, which increases the microhardness and
reduces the microporosity of the coated steel [80]. Moreo-
ver, the protective oxide scale is produced rapidly due to
decreased critical nucleation energy caused by decreased
surface tension and interfacial energy [81]. Another
improvement of the oxide scale was done by CeCrO; after
segregating to grain boundaries. Zinkevich [82] and Ashraf
Lone [83] reported that the ionic radius of cerium (Ce3Jr and
Ce4+) is larger than Cr cations and Ni cations, and from
oxygen anions, which acts as a barrier (hindrance) towards
cation diffusion after segregating at grain boundaries result-
ing in a change in the oxide growth mechanism by cation
diffusion to anion diffusion. Hence, the oxide scale is pro-
duced with limited thickness, as estimated from the x-sec-
tional SEM analysis for the HS1-coated sample (Fig. 12c).
Moreover, due to the change in the mechanism of diffusion,
the density (compactness) of HS1-coated steel is greatly
enhanced, which might be the reason for the highest corro-
sion resistance observed under the molten salt environment.
RE element (Ce) has a unique property of releasing/storing
oxygen at high temperatures, resulting in the decomposition
of ceria from (44 oxidation state) to Ce,O5 (43 oxidation
state) [84, 85]. When cerium changes from Ce** to Ce*
state, resulting in oxygen vacancies formation, which is rep-
resented by the Kroger—Vink notation [86, 87]:

2Ce}, + OF = 2Ce, + V, + 1/20,(gas). (12)

These oxygen vacancies play a vital role in mass diffu-
sion. The defect of oxygen vacancies concentration depends
on the dopant content and the degree of reaction [88, §9].
The initial oxidation rate is determined by the migration of
oxygen inward through the oxygen vacancies existing in the
ceria-modified coating at high temperatures. The availability
of oxygen increases with the concentration (wt-%) of dopant
in the coating at high temperatures [90]. The above improve-
ment decreases the critical concentration of chromium to
form the Cr,05 layer [46]. Once the protective layer forms
on the surface of the coating, it achieves steady-state oxida-
tion [91] and impedes the diffusion of oxygen and molten
salt corroding species (Na, V, and S), as confirmed by the
x-rays mapping analysis (Fig. 14a). Moreover, cerium oxide
also slows down the fluxing action of NaVO; [92].

In the case of HS3-coated steel, the weight percentage
of CeO, is increased from 0.4 wt.% to 0.8 wt.% results in
microhardness increases from 813 to 840.9 Hv. EDS analysis
points 1 and 2 (Fig. 10d) represent the weight percentage of
Cr (56.49%, 59.29%) and Ni (12.63%, 10.40%) along with
Ce (0.92%, 0.76%), suggesting the formation of oxides of
above elements in the presence of oxygen under salt environ-
ment. Moreover, the x-sectional point analysis (Fig. 12d) for
HS3-coated steel also illustrates that the presence of CeO,
reduces the amount of Cr needed for the oxide scale. In
this case, HS3-coated steel developed approx. 55 pum thick
oxide scale of Cr,05 along with spinels of NiCr,0,, and
Ce, 03, CeCrO; phases as validated by XRD diffractograms
(Fig. 8d) and x-rays mapping (Fig. 14b). According to pre-
vious equations, the identified phases of Cr and Ni, and Ce
may have developed after the chemical reactions (Egs. 3,
4, 9-11). Molten salt phases such as Na,SO,, NaVO;, and
V,05 could not diffuse into the oxide scale, which can be
authenticated by the x-rays mapping analysis depicted in
Fig. 14b. There was no cracking and spallation during the
hot corrosion study, as seen from the pictorial view of hot
corroded HS3-coated steel (Fig. 6d). Moreover, the ratio of
CeO, (0.8 wt%) is higher than the HS1-coated steel, result-
ing in higher oxygen vacancies generated by the RE element,
as discussed in the previous section. Due to the above effect,
more Cr migrates (cation diffusion) towards the oxygen
vacancies to form the Cr,0j; scale along with Ce.

Figure 8e represents the XRD profile for the HS5 coated
sample after the hot corrosion study, which illustrated that
the oxide scale primarily consisted of Cr,05, NiCr,0,,
Ce,0;, CeCrO;, Na,SO,, and NaVOj; phases. The above-
identified phases of Cr and Ni, along with Ce, were reported
to be protective by various authors [93, 94] during oxida-
tion and hot corrosion studies in different aggressive envi-
ronments. EDS points 1 and 2 (Fig. 11b) after hot corro-
sion cycles show higher wt.% of Cr as compared to HS1
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(Fig. 10b) and HS3 (Fig. 10d) coated samples, which is con-
firmed by x-sectional point analysis (Fig. 12e). In this case,
HSS5-coated steel developed approximately 70-pum-thick
oxide scale on the coating surface, which could not provide
protection as offered by HS1- and HS3-coated samples. The
cross-sectional SEM depicts the oxide scale that experienced
a hot corrosion attack, validated by x-rays mapping analy-
sis, as shown in Fig. 14c. The excessive wt. ratio of CeO,
may have produced coating defects such as microporosity
and inclusions in the coating, which reduces its adhesion
and plasticity of the oxide scale [95]. Various authors have
[96-100] reported that a high ratio (wt.%) of rare earth ele-
ments promotes oxygen vacancies concentration and nuclea-
tion sites for the oxide scale but also promotes porosity/
cavities inside the oxide scale, which might be due to the
difference between oxygen vacancies and chromia nuclea-
tion sites. The gap that arises between vacancies and nuclea-
tion sites may reduce oxide scale adhesion, as noticed in
the HS5-coated steel. A model describing the formation of
corrosion products was established on the basis of the cor-
rosion products, and the corrosion mechanism is described
in Fig. 15. The initial and final stages of hot corrosion for
the conventional and ceria-modified Cr;C,—NiCr+ 0.4 wt.%
CeO,-coated TP347H steel after subjecting to Na,SO,—V,05

Diffusion through Grain
Boundaries

CryC,-NiCr coating  Cr,0; Oxide lyer

(€Y
\Ns;SO4+60%V205

TP347TH
Steel

Crc,  NiCr  Porosity
particles  matrix
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NiCr;04 Thick Cr,0; Oxide

salt at 750 °C for 50 cycles are shown in Fig. 15a—d, respec-
tively. The hot corrosion resistance of the samples under
study after subjected to Na,SO,~60%V,05 salt environment
at 750 °C is as follows HS1>HS3 >HS5 > HS > TP347H.

e HVOF gun successfully deposited cerium blended (0.4
wt.%, 0.8 wt.%, and 1.2 wt.%) and conventional carbide
coatings with homogeneous microstructure. Moreover,
refinement is observed by the addition of cerium oxide in
terms of quality improvement of the Cr;C,—NiCr coating,
leading to higher microhardness, low surface roughness,
and reduction in microporosity compared to the coating
without rare earth elements.

e Bare steel TP347H possessed lower weight gain under
a molten salt environment. However, cracks observed in
the oxide scale were evidenced during the cyclic study.
Cr (17.53 wt.%) and Ni (11.42 wt.%) in austenite steel
might have protected its base steel after developing spi-
nels of NiFe,O, and NiCr,0,. Nevertheless, the TP347H
steel failed due to the development of unprotective oxides
of Fe,05.

e Cr;C,—NiCr-coated TP347H steel provided hot corrosion
resistance with minor cracks in the thick oxide scale of
Cr,05 and NiCr,0, spinels. Cracks in the coating might
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be due to thermal stresses developed after the repetition
of heating and cooling at 750 °C, which reduces the plas-
ticity of the oxide scale. Moreover, the acidic nature of
the NaVOj; salt compound reduces the oxide scale protec-
tion after the dilution of the Cr,0; layer.

e Cr;C,-NiCr coating modified with different contents (0.4
wt-%, 0.8 wt-%, and 1.2 wt-%) of CeO, provided better
protection to the bare TP347H steel than Cr;C,—NiCr
coating. Moreover, ceria addition in the Cr;C,—NiCr
coating reduces the amount of Cr required to produce
the Cr,04 layer.

¢ From the ceria-modified Cr;C,—NiCr coatings, the HS1-
coated (Cr;C,—NiCr+ 0.4 wt.% CeO,) steel exhibited
better hot corrosion resistance, followed by HS3, and
HSS5, doped in with 0.8 wt-% and 1.2 wt-% of CeO,,
respectively.

e Modified coatings (HS1, HS3, and HS5) provided better
hot corrosion resistance with a thin oxide scale (Approx.
40 pm, 55 pm, and 70 pm) composed of Cr,0; CryC,
Cr,C;, NiCr,0,, Ce,0; and CeCrO; phases Oxides and
spinels of Ce prevent metal ions (cation diffusion) from
migrating outward, resulting in a thin oxide layer on the
coating’s surface. However, the higher ratio (1.2 wt.%)
of CeO, in the Cr;C,—NiCr coating could not adequately
protect from hot corrosion, which might be due to the
higher porosity, as reported in Table 4. The conventional
coating (HS) and the ceria-modified (HSS5, 1.2 wt.%)
coating provided equal protection.

® NaVO,; and Na,SO, along with V,05 phases, were
mainly responsible for the depletion of protective oxides
and spinels.
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