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Abstract

Oxidation is the predominant corrosion mode, which consumes the material from the surface. During oxidation, the formation
of oxide layer resists the further corrosion attack. However, due to the stresses developed during the growth of the oxide scale,
the spallation/delamination takes place, resulting in the exposure of fresh material to the corrosive environment. In the
current investigation, ceria blended Cr3C,—NiCr composite coatings were applied on TP347H austenite steel substrates with
a HIPOJET-2700 spraying gun. Three mixture ratios of cerium (0.4 wt-%, 0.8 wt-%, and 1.2 wt-%) were selected for exploring
the coating performance under an oxidation environment at 750 °C for 50 cycles. The microstructure and corrosion kinetics
of the coating are evaluated using SEM/EDS, XRD, and X-ray mapping analysis. Moreover, the effect of the addition of
cerium towards microhardness, surface roughness, and microporosity was compared with conventional Cr3C,—NiCr coating.
The results indicated that the 0.4 wt-% of ceria added Cr3C>—NiCr coating provides better oxidation resistance than its
counterparts, which might be attributed to the growing thin and compact oxide scale of CryO3, Ce;0O3, and NiCrpO4, CeCrO3
spinels. As the percentage of ceria increases in the coating, the oxide scale adherence decreases, which might be due to the
massive concentration of oxygen that pickup by cerium oxide particles and increases microporosity of the coating or oxide
scale; simultaneously, the oxidation resistance of coated substrate decreases.
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1 Introduction

Most of the industrial components in heating furnaces, heat-
ing ovens, boilers, turbines, internal combustion engines,
rollers, chimneys, rotary mills operate at high temperature
in the presence of a gaseous environment (Muthu et al. 2020;
Nithin et al. 2020). These components are basically made
up of iron along with other elements. This basic element
comes in contact with the surrounding environment, and the
reaction takes place on the surface of metals and alloys,
which develop compounds is known as ’corrosion.” When
this corrosion is associated with high temperature, then its
severity to degradation increases. This process of material
deterioration is known as ’oxidation’ (Goyal et al. 2012:
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Prabhakaran and Jegadeeswaran 2021). Due to oxidation,
the protective/non-protective layer formed after nucleation
and growth process on the surface of the underlying mate-
rial, which may or may not protect further reactions (Goyal
et al. 2017). Some metals/alloys develop a protective oxide
scale under an N> gaseous environment, whereas scale fail-
ure occurs under CO and CO; due to embrittlement (Saroop
et al. 2020). The power plant, petrochemical, textile, cement,
fertilizer, marine, waste incinerators, automobiles, nuclear
reactors, and aerospace industries mainly suffer from sur-
face degradation due to ’oxidation’ phenomena (Chawla
et al. 2011: Ghosh and Mitra 2011). The working strength
of the material is greatly influenced by oxidation, sulfida-
tion, and hot corrosion reactions at high temperature. This
limits the life span of the industrial components that work
in an aggressive environment. Three factors can measure
the rate of oxidation; the first one is the oxygen consump-
tion by metal or alloy during service, the second one is the
amount of metal consumption during a chemical reaction,
and the last one is the amount of oxides produced on the sur-
face of metal/alloy (Khanna 2016; Saroop et al. 2020). From
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the above, the weight change measurements after metal con-
sumption (weight gain or loss/Thickness gain or loss) is the
least preferable method for oxidation kinetics (Perez 2016).

Further, oxidation kinetics is based on three laws, namely,
linear law, parabolic law, and logarithm law. The degrada-
tion effect of the oxidation reaction is primarily controlled
by altering the composition of alloys. The iron-based alloys
(steels) have been developed to encounter oxidational degra-
dation. These alloys are categorized based on crystal struc-
ture: ferritic steel, martensitic, and austenitic steel. Despite
their considerable strength, steel alloys have minor corro-
sion (oxidation) resistance, and it further demands additional
surface treatments such as coatings to shield the surfaces
from hostile environments. Surfaces have traditionally been
coated to defend them from hazardous chemical and phys-
ical interactions with the environment (Guo et al. 2015;
Gada et al. 2020). The thermal spraying technology is a
cost-effective solution to enhance the surface qualities of
structural steels for high-temperature applications in a vari-
ety of uses. From the family of thermal spray processes, the
most effective method is High-Velocity Oxy-Fuel (HVOF),
which combines a low-temperature flame with a high veloc-
ity to reduce inflight particle oxidation during spraying. So,
the coatings achieved with the HVOF technique are denser,
have high adhesive strength, high hardness, and low porosity,
which are the desired characteristics of coating (Houdkova
et al. 2015; Ding et al. 2015; Sreenivasulu and Manikan-
dan 2018). The various types of metallic (Ni—Cr, NiCrAlY,
Tribo-alloy, Cr3C,—NiCr), carbides (TiC, Cr3C,, SiC, WC,
etc.), and oxide (CryO3, Al,O3, ZrO;, TiOy) powders are
used to combat oxidation, hot corrosion, and wear of the sub-
strate material (Mehta et al. 2017). Due to the superiority of
CrxCy—NiCr composition at high temperature, it is commer-
cially used for protecting waste incineration plants, electric
furnaces, refineries, and power plant components (Ksiazek
et al. 2016; Singh et al. 2019; Matthews and Berger 2019;
Shi et al. 2020). Carbides in the coatings provide high hard-
ness (750Hv-950Hv), whereas NiCr improves the oxidation
and hot corrosion resistance up to 900 °C. Besides the above
properties, chromium carbide have similar thermal expansion
as of Fe and Ni, so these elements alloyed in every structural
component that operates at high-temperature (Shukla et al.
2015; Mathapati et al. 2018).

Ding et al. (2015) examined the oxidation mechanism of
HVOF deposited NiCr—Cr3;C, coatings on 304 boiler steels.
The results showed that Cr,O3 oxides protect the underlying
material from oxidation at 700 °C and 800 °C. The angu-
lar grain size changes from fine to enlarge during oxidation
study. (Da Cunha et al. 2017) examined the oxidation and
erosion resistance of chromium carbide coatings on AISI-
310 steels using the HVOF process. The investigation was
done at 450 °C, 700 °C, and 800 °C for 5 h in the laboratory
environment. Carbide coating is mainly damaged by
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erosion oxidation at 450 °C, but at a higher tempera-
ture range, the coating protects due to the oxide layer
developed on the surface of the coating. (Houdkov4 et al.
2018) investigated the wear and oxidation of modified
carbide-based coatings (Cr3C—NiCr; Cr3C>—CoNiCrAlY,
and Cr3Cy—NiCr—MoNb) formulated using the HIPOJET
gun on carbon steel. The results showed that MoNb doped
carbide coating performed better in oxidation, whereas
Cr3Cy—NiCr + CoAlY coating enhanced wear resistance
at 600 °C. (Kumar et al. 2018, 2019a) evaluated oxida-
tion performance of WC—CO and Cr3C,—NiCr coatings after
deposition with D-gun spraying on T-91 and SA-216 sub-
strate material. The results revealed that chromium carbide
coating remained intact to the substrate and maintained
adherence at 800 °C, but WC-CO coating was delaminated
from the sample surface during the cyclic study. The fea-
tures of carbide coatings are reduced up to some extent after
stress generation from thermal mismatch during cyclic fluc-
tuations (Panicaud et al. 2006). The coating’s stability and
endurance are determined by the microstructure’s homogene-
ity and the protective oxide scale’s adherence to the surface
(Zhou et al. 2016; Ghadami et al. 2021). Cracking and spal-
lation of coating may occur due to stress generating in the
coating at high temperature (Yedong and Wei 2013). So,
some modifications are made in the composition of feedstock
powder, which improves the microstructure of the coatings.
The oxidation and hot corrosion behaviour of alloys and coat-
ings after blending reactive elements (RE) has been studied
by various researchers. Authors have reported the beneficial
effect of incorporation of RE elements (Lanthanides) in the
coatings, i.e., refinement of microstructure, pegging of grain
boundaries, reduction in oxide growth stress, and adherence
of coating/substrate interface (Thanneeru et al. 2007; Nij-
dam and Sloof 2007; Kumar et al. 2014; Zhang et al. 2014).
The mechanisms proposed by various researchers regard-
ing improvement in oxidation resistance are primarily due to
the migration of rare earth element ions to the oxide grain
boundaries and retard the movement of alloy cation diffusion
from the metal/oxide towards the oxide/air interface (Pil-
lis et al. 2006). There is a total of 17 lanthanide series of
rare earth elements. From the existing series, cerium oxide
(CeOy) is the most important element because of its rich
oxygen vacancy defects and higher capacity to release or
absorb oxygen molecules that plays an essential role in gen-
erating a protective oxide layer (Wang et al. 2020). Some
studies examined that the doping of Ce lanthanide in the
coating can decrease the growth rate of oxides and porosity at
scale/substrate interface (You et al. 2018). (Zhu et al. 2004)
studied the oxidation performance of Ni 4+ CeO; coatings
deposited on mild carbon substrate under a dry air environ-
ment at 840 °C for 120 h. The results showed that Ni + CeO,
composite coating enhances the oxidation resistance due to
the slow growth of oxides, and fine grain structure gives more
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adhesion to coating. (Huiming et al. 2007) examined the
oxidation behaviour of CeO;-coated chromium substrate in
the laboratory. The analyzed results showed that CeO; coat-
ings significantly reduced the growth rate and grain size of
Cr03 and enhanced the oxide scale plasticity. Kamal et al.
(2011), Chen et al. (2014), Mahesh et al. (2010), and Liu
et al. (2020b) describe that the addition of cerium oxide
in NiCrAlY feedstock provides better oxidation resistance
attributed to the generation of adherent oxide scale. Mudgal
et al. (2014, 2015), Kumar et al. (2014), Saladi et al. (2015),
and Ahuja and Mudgal (2019) reported that the addition of
CeO; element has increased adherence and oxidation resis-
tance of the d-gun sprayed Cr3; Co—NiCr coatings at 900 °C in
waste incinerator environments. (Wang and Szpunar 2017)
examined the oxidation resistance of CeO;-coated Ni-based
alloy (230) in dry air at 900 °C for 1000 h. CeO; particle
changes the diffusion mechanism of oxygen from outward to
inward, which converts columnar grains structure of Cr,O3
to equiaxed structure that enhances the spallation resistance
of oxide layer.

Several studies in the literature have stated the effect of
rare earth element doping in the alloy. Nevertheless, only
limited investigations have been reported related to the oxida-
tion performance of rare earth elements containing coatings.

Fig. 1 FESEM micrograph of
coating powders; a Cr3C,—NiCr;
b CeO;-doped Cr3C,—NiCr with
EDS analysis

Element| Wt%
CK 22.82 |
CrK 57.44
NiK 19.74

Element| Wt%
CeL 1.17
CrK 96.38
NiK 2.45

Nevertheless, most earlier researches on the oxidation perfor-
mance of Cr3C,—NiCr-coated ferritic steels, superalloys, and
austenite steels have been conducted at temperatures below
900 °C. Furthermore, the effect of different alloying ele-
ments and rare earth elements with different ratios (wt.%)
on the oxidation study of austenite steel at higher tempera-
tures is unknown. Thus, it is intriguing to examine the effect
of RE elements in different ratio in conventional carbide
(Cr3C,—-NiCr) coating to improve austenite stainless steels’
oxidation behaviour. There is no reported literature at present
for optimum quantity (wt-%) of RE added CrzC,-25NiCr
coatings deposited using HVOF on TP347H austenite steel
exposed to 750 °C for cyclic oxidation. Moreover, the influ-
ence of CeO; on the oxide scale is investigated in the present
study.

2 Experimental
2.1 Materials and coating formulation
The gas atomized 75Cr3C,—25(Ni-20Cr) powder obtained

from H.C. STARCK, AMPERIT® Germany, was utilized
as the feedstock for coating the samples. Moreover, cerium

Element| Wt%
CK 21.48
CrK 32.89
NiK 45.63

Element| Wt%
CeL 1.95
CrK 95.45
NiK 2.60
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Table 1 Characteristics of feedstock

Table 3 Abbreviations used for each coating during present study

Characteristics Cr3C,-25NiCr Cerium oxide
(Ce02)
Product code 584.054 211,575
Particle size — 45+ 5 (pm) <5 (jum)
Powder morphology Spheroidal Cylindrical
Powder Colour Dark grey White to
yellow
Manufacturing process ~ Gas atomized -
Company H.C. Starck, Germany  Sigma Aldrich,
USA

oxide (Sigma Aldrich, USA) with purity of 99.99% (Product
Code: 544,841) was blended with Cr3Cy—-25NiCr feed-
stock, to produce three different compositions (0.4 wt-%
CeO; + Cr3zCy—25NiCr, 0.8 wt-% CeO, + CrzCr—25NiCr,
and 1.2 wt-% CeO, + Cr3C-25NiCr. The mixing of the
powders was done using conventional jar milling for 6 h.
Figure 1a, b show the powder morphology for conventional
Cr3C2-25NiCr, and ceria-doped Crz C>,—25NiCr powder with
EDS analysis. In the present investigation, the substrate
was selected as austenite (TP347H) steel having dimensions
20 mm x 15 mm x 5 mm. The main characteristics of
feedstock and substrate material are given in Tables 1 and
2, respectively. The abbreviations used for each coating are
givenin Table 3. Before the spraying, the surface of substrates
was cleaned with different grades of emery papers and then
grit blasted using alumina to get a uniform and clean surface
finish. High-Velocity Oxy-Fuel (HIPOJET-2700) thermal
spraying gun provided by MECPL Rajasthan, India, was
utilized to formulate coatings on substrate steel. Around
220-280 pm thick coating was formulated on austenite steel
substrates. The HVOF spraying constraints employed for the
coatings are given in Table 4.

2.2 Characterization of feedstock and coatings

The microstructure of the powders and HVOF deposited
coatings, as well as morphology from surface and cross-
section, were examined by field emission scanning elec-
tron microscopy (JEOL-7610Plus, Japan), energy dispersive
spectroscopy (EDS, EDAX/APEX), and X-ray mapping.
Bruker diffractometer (D8 ADVANCE, Germany) with Cu-
Ka radiation was used for chemical analysis. Xpert High

Table 2 Actual composition (wt.%) of TP347H steel

Coating composition Designation
1. Cr3C2-25NiCr OH

2. Cr3C2-25NiCr + Ce (0.4wt-%) OH1

3. Cr3C3-25NiCr + Ce (0.8wt-%) OH3

4. Cr3C-25NiCr + Ce (1.2wt-%) OH5

Score Plus software was used to calculate the d-spacing value
provided by the diffractometer. The surface roughness of the
as-sprayed coatings was calculated using a stylus type (Tip
radius 2 pm) surface roughness tester (Mitutoyo SJ-201,
Japan) with a measuring force of 0.75mN with a speed of
0.01 Inch/S. The sampling length is taken as 0.8 mm (No. of
sampling lengths-5), and cut off the length was (0.05 mm).
An average surface roughness was calculated from five read-
ings per specimen. For the x-sectional study, HVOF-coated
substrates were cut using Metallurgical Sample Saw MS-
10 (DUCOM) at a slow speed and fixed in epoxy with
Bainmount H-Auto (METCO) machine. Further, standard
polishing was done with emery papers followed by cloth
polishing. The microporosity was measured using Image-J
(1.8.0) software, and the microhardness of the coatings was
observed using Mitutoyo hardness tester (HM-211, Japan)
with a test load of 1KN. The test load of 0.5KN was applied
foratotal of 10 s, including loading, dwell, and unloading. An
average of at least five indents was taken from measurements
inregions of dense coating material. An average hardness was
calculated from five indents per specimen.

2.3 Oxidation studies

The high-temperature oxidation testing was carried out in a
silicon carbide furnace at 750 °C for 50 cycles. The temper-
ature of the tube furnace is controlled with a PID controller
attached with a K-type thermocouple. The surface area of
the samples was calculated with a Vernier caliper. The sam-
ples were washed with acetone to remove the impurities from
the surface. Alumina boats were cured at 1000 °C for 10 h
and cooled in ambient air. Afterward, the samples were pre-
heated in an oven along with the alumina boat for 1 h at
150 °C. The weight was measured after oven heating with
an electronic weighing machine (CITIZEN, CB-120), hav-
ing an accuracy of 0.01 mg. Then, the alumina boat with
the sample was kept in the SiC tube furnace at 750 °C for

Element Cr Ni C Mn

Wt% 17.53 11.42 0.067 1.54

0.024 0.001 0.59 0.70 Bal
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Table 4 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 to 40 gm/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 stands for litre per minute*

H Microhardness (Hv) EIPorosity (%)

980 2
960 o 18
B 940 : 16
" 920 : 145
< 900 : 222 z 12%
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g %40 : : : . 0.6 A~
= 820 'f'f o G : 0.4
800 = ] e : 0.2
780 KR R R0 Sowost 0
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CeO, (0.4 wt.%, 0.8 wt.%, 1.2 wt.%, and 0.0 wt.%)

Fig.2 Microhardness and porosity measurements for conventional and
modified Cr3C>—NiCr coatings with different contents of CeO,

1 h. After each cycle, the change in colour variation, lustre
(dull/bright), scale spallation (cracks/delamination) was also
visually assessed for each sample. The kinematics of air oxi-
dation were determined using the weight change value. The
oxidized samples were characterized from the surface and
cross-section using SEM/EDS, XRD, and X-ray map tech-
niques after being exposed for 50 cycles.

3 Results
3.1 Coating characterization

The microhardness and microporosity of the HVOF as-
sprayed coatings were analysed, and the observations are
presented in Fig. 2. The porosity of the Cr3C—NiCr coat-
ing (OH) is observed to be 1.8%. Further, it is observed that
the addition of ceria into Cr3C>—NiCr coating resulted in a
decrease in porosity, and the lowest porosity is observed for
Cr3C2—-NiCr coating modified with 0.4wt-% of CeO,. How-
ever, further increase in wt-%age of ceria resulted in increase

in porosity for Cr3C,—NiCr 4+ 0.8 wt-% CeO, (OH3) and
Cr3Co—NiCr + 1.2 wt-% CeO, (OHS5) coatings. The decrease
in porosity with the addition of CeO, may be attributed to
grain refinement of the coatings (Purkayastha and Dwivedi
2014; Ghadami et al. 2019).

Figure 2 indicated that OH coating possesses an average
microhardness of 854Hv. Further, it is observed that the dop-
ing of CeO, enhances the microhardness of conventional
(OH) Cr3Cy—NiCr coating, which may be due to the refine-
ment of grains with heterogeneous nucleation mechanisms
(Sharma 2012). OH3, coating doped with 0.8wt-% of CeO»
exhibited maximum value (966Hv) of microhardness, fol-
lowed by OHI coating (925Hv) doped with 0.4wt-% and
OHS coating (895Hv) doped with 1.2 wt-% of CeO,. It is
well known that RE elements can refine the microstructure
of coatings due to their ability to release and store oxygen
during oxidation. Moreover, it acts as a nucleation site dur-
ing the solidification of coating, resulting in heterogeneous
nucleation, which hinders the growth of gains throughout the
crystallization (Cai and Li 2015; Shu et al. 2020).

The surface roughness of the as-deposited coatings was
determined to be in the range of 4.314-5.792 pm. The HS
coating modified with 1.2wt-% of CeO» particles shows min-
imum surface roughness (4.314 wm) than its counterparts,
whereas the surface roughness for H3 and H1 were measured
as 4.648 pwm and 4.832 pm, respectively. Surface roughness
measured for conventional coating (OH) is 5.792 wm. The
above variation in surface roughness is due to un-melted and
semi-melted particles on the surface of the TP347H steel
substrate (Zhang et al. 2007).

3.1.1 Surface morphology

The SEM/EDS analysis of HVOF as-sprayed conventional
(OH) and ceria modified (OH1, OH3, and OHS) coatings is
depictedin Fig. 3. All the HVOF sprayed coatings show dense
microstructure having melted and semi-melted particles. The
coating binder (NiCr) matrix is confirmed from SEM images,
which is light grey in colour, whereas dark grey colour shows
carbide particles of the coatings. In addition, Small white
colour particles of CeO, can be seen on the OH1, OH3,
and OHS5 coatings surface. In the case of OH1 coating, sur-
face morphology shows fully melted particles as compared
to OH3 and OHS5 coatings, which might be due to the lower
ratio of CeQO; in the conventional carbide coating. However,
it is noted that the addition of CeO, greater than a critical
value, does not affect the coating microstructure, as shown
in Fig. 3d. The above fact of the higher ratio of RE element
cannot improve the microstructure is confirmed from coat-
ings microhardness (Hv), and micro-porosity results. Liang
etal. (2016) and Cai et al. (2018) reported that when the addi-
tion of Ce is high, it loosens the adhesion of splat particles
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Fig.3 FESEM/EDS spectrum of
as-sprayed a OH coated, b OH1
coated, ¢ OH3 coated, d OHS

coated substrate steels Element| Wt% Element| Wt%
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Fig.4 XRD Analysis of a CeO, powder, b Cr3C,—NiCr powders, and
HVOF as-sprayed, ¢ OH coated, d OH1 coated, e OH3 coated, and
f OHS5 coated substrate steels

due to entrapped gases/slag and impurities from the molten
pool.

3.1.2 XRD analysis

XRD spectrums of HVOF as-sprayed OH, OH1, OH3, and
OHS coatings are shown in Fig. 4a—d. In OH coating (Fig. 4a),
prominent peaks of Cr3C,, Cr;C3, and NiCr were observed
by XRD analysis. Whereas, in ceria-modified OH1, OH3,
and OHS coatings, significant peaks of Cr3C, and NiCr along
with CeO, were observed as shown in Fig. 4b—d. The amount
of CeO; is too small for producing phases with high inten-
sity, so minute peaks were observed for all the ceria added
coatings.

3.2 Oxidation kinetics
3.2.1 Visual remarks

The macro images of the base (TP347H) steel and OH, OH1,
OH3, and OHS5 coated samples after subjecting to oxida-
tion at 750 °C for 50 cycles are depicted in Fig. 5. All the
observations about investigated samples have been written
in tabulated form, as shown in Fig. 5. The bare steel experi-
enced change in colour during the cyclic study, which might
be due to the formation of oxide scale, as a result of which
sample also experienced a gain in weight. However, no spal-
lation of oxide scale is observed might be due to the presence
of chromium in the base matrix. Cr3C,—NiCr coating (OH)
experienced the formation of green and white patches on the
dark grey surface of the sample. Among the cerium doped
samples, OH5 coating experienced a change in colour from
dark grey to greenish along with spallation of oxide scale.
Similarly, the ceria added OH3-coated sample exhibited dark
grey with greenish patches and black dots on the coating
surface. During the cyclic research, no spallation of OH3-
coated steel was found. OH1-coated steel shows white colour
patches on a dark greyish surface, transforming into black
after the ninth cycle in an oxidizing environment.

3.2.2 Weight gain data

From Fig. 6, it is observed that base steel has gained max-
imum weight, indicating poor oxidation resistance. The
OH-coated sample indicated lower weight gain than base
steel, suggesting towards protective nature of the coating. The
addition of cerium (0.4 wt-%) to Cr3C,—NiCr coating further
enhance the protective behaviour of coating and has gained
minimum weight among the samples under study. However,
doping of Cr3C,—NiCr coating with a higher weight percent-
age (1.2wt-%) of cerium could not improve the performance
of the conventional coating. For the bare TP347H steel, the
weight change after the end of 50" cycle is 6.102 mg/cm?,
whereas the weight gain for OH, OH1, OH3, and OHS coated
samples is 3.748 mg/cm?, 1.079 mg/cm?, 2.054 mg/cm?, and
3.363 mg/cm?, respectively. For the OH1-coated sample, the
weight gain was rapid during the initial cycle of the study.
Afterward, it attains a steady-state, suggesting the rapid for-
mation of oxides. The rapid development of the oxide layer
may be due to the presence of Ce (0.4 wt-%) in the con-
ventional coating. Rare earth element (Ce) acts as nucleation
sites for the oxide layer, which reduces the distance of neigh-
bouring oxide grains, resulting in smaller oxide gain size.
Subsequently, the protective oxide layer developed in a
shorter time, which helps in achieving rapid steady-state con-
ditions. Furthermore, a smaller oxide gain size improves the
plasticity and adhesion of the oxide layer (Wang and Szpunar
2017). Low performance of OH5-coated steel might be due
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Sample Before Oxidation After Oxidation Observations
Dark Black
Patches * 5™ Cycle Dark Greyish with brown patches
@ « 25% Cycle Blackish with blue shining points
Bare » 50™ Cycle Blackish with dark patches
ﬂ, » Weight gained without spallation
:;;:let: and * 5 Cycle Dark Greyish with white patches
Patch * 25" Cycle Dark Greyish with green and white patches
OH ‘ i * 50" Cycle Dark Greyish with green and white patches
* Weight gained with minor crack and spallation
\ of oxide scale with powder type particles
g;fc‘; « 5% Cycle Dark Greyish with white patches
Patches * 25" Cyele Dark Greyish with black dots
OH1 N * 50" Cycle Dark Greyish with more black dots
: * Weight gained without spallation
* 5™ Cycle Dark Greyish with green patches
* 25" Cycle Dark Greyish with green patches
* 50™ Cycle Dark Greyish with green patches and black
OH3
dots
‘ * Weight gained without spallation
E:t:l:'es : « 5™ Cycle Light Greyish with green patches
!' ! * 25" Cycle Dark Greyish with more green patches
OHS5 Blick * 50™ Cyecle Greenish with black patches
Pafches * Weight gained with spallation
H

Fig. 5 Macrograph of, a bare, b OH coated, ¢ OH1 coated, d OH3 coated,
for 50 cycles

to higher wt-%age of Ce doped in the conventional coating.
A higher Ce (1.2 wt-%) ratio in Cr3C,—NiCr coating may
increase the porosity due to the oxygen concentration effect
of rare earth elements. Various authors reported that the Ce
element acts as a source of oxygen due to its characteris-
tic to release/absorb oxygen (Patil et al. 2006; Babu et al.
2009; Choudhury et al. 2015). Excess air entrapping towards
coating may increase the porosity of coating, which reduces
its compactness, and hence oxidizing species travel towards
substrate material (Schmucker et al. 2016).

@ Springer

and e OH5-coated steel after subjected to cyclic oxidation in air at 750 °C

3.2.3 Surface analysis

Figure 7 illustrates the 50th cycle surface morphology of
uncoated and HVOF-coated substrates after the exposure of
oxidation in air at 750 °C. Figure 7a SEM/EDS represents the
flaky structure from the surface, which is primarily composed
of Fe along with Cr, Ni and O, suggesting the formation of
oxides of these elements. In the EDS analysis (Fig. 7b) of
the OH-coated steel reveals the oxide scale rich in Cr and
Ni along with O, indicating the surface mainly covered with
Cr,03, NiCrpO4, which is validated by XRD results (Fig. 8b).
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ent concentrations of CeO, particles after subjected to air oxidation at
750 °C for 50 cycles

Another phase, Cr3Cy, depicts the basic structure of the coat-
ing, whereas the Cry3Cg phase arises after the decomposition
of Cr3C; at 750 °C. In the EDS analysis (Fig. 7c—e) of ceria
modified OH1, OH3, and OHS coated steel exhibits the pres-
ence of O, Cr, Ni and Ce, suggest the formation of oxides of
these elements. Moreover, EDS analysis Fig. 7c—e indicated
that the amount of Cr along with Ni first deceases with lower
concentration of Ce and it increases after the increase in the
concentration of Ce. From the above results, it is observed
that the lower ratio of RE element (Ce) retard the regular
growth of oxide (Cr) layer.

3.2.4 XRD analysis

Phase identification for bare and coated samples after being
exposed to oxidation in air at 750 °C for 50 cycles (Fig. 8)
has been done using XRD analysis. In all the coated samples,
chromium oxide (Cry03), chromium carbide (Cr3C;), and
nickel-chromium oxide (NiCr;O4) are observed as the typi-
cal (significant) phases. Whereas, Cry3C¢ peaks exist only in
OH and OH3-coated steel. XRD profiles for the ceria modi-
fied (OH1, OH3, and OH5) Cr3Cy—NiCr-coated steel shows
the other phases than the above reported are CeO3, Ce; O3,
and CeCrO3 phases, which may develop after the chemical
reaction between Cr and Ce in the presence of O. In the case
of bare steel, Fe;O3 and NiFe,O4 are identified as the sig-
nificant phases and NiCr,Oy4 as the minor phase.

3.2.5 Cross-sectional analysis

EDS cross-sectional point analysis Fig. 9 has been done for
the bare steel after oxidation in air at 750 °C for 50 cycles.
Figure 9 shows a thin oxide scale of about 50 microns pro-
duced on the surface of the oxidized TP347H steel. Points
1, 2, and 3 indicate compositional elements of the bare steel.
Points 4 and 5, which are taken on the oxide scale, show

the existence of oxygen and iron as the main element along
with some nickel and chromium, which demonstrated the
possibility of the formation of oxides of iron, nickel, and Cr.
Elemental cross-sectional point analysis has been done for
the HVOF sprayed OH-coated steel after oxidation at 750 °C
for 50 cycles. OH-coated TP347H steel shows the formation
of thin (50 wm) and compact oxide scale as revealed from
cross-sectional SEM micrographs as shown in Figs. 10a and
17d. Point 1 indicates the substrate steel without any oxy-
gen. This shows that the substrate remained unreacted with
the surrounding environment. Points 2—6 indicate the pres-
ence of a substantial amount of Cr and Ni along with carbon,
which shows the basic composition of the coating. At Point
6, a higher concentration of nickel, chromium, and oxygen is
seen, indicating the formation of oxides of Ni and Cr on the
top of the surface of the oxidized OH sample. EDS analy-
sis across the cross-section of the ceria-modified OH1, OH3,
and OHS coatings after oxidation in air at 750 °C for 50
cycles are depicted in Fig. 10b—d, respectively. Similarly, the
thickness of the oxide scales is estimated from the above
cross-sectional SEM micrographs as well as from the cross-
sectional SEM at the 2000 x scale, as depicted in Fig. 17ac.
Ceria modified OH1-coated sample exhibited the formation
of a thin (20 pwm), compact, and crack-free oxide scale after
oxidation in air at 750 °C. Points 2 to 6 depict the presence
of Cr and Ni along with a minor amount of Ce. On the top of
the oxide scale (point 7), chromium, nickel, and oxygen are
observed in a significant amount along with Ce, which indi-
cates the possibility of forming oxides of observed elements.
In the case of OH3-coated TP347H steel, a thin (35 jwm) oxide
layer with scattered edges was observed from the SEM/EDS
point analysis (Fig. 10c). Points 2, 3, 4, 5, and 6, which lie
inside the coating, show the presence of Cr and Ni, along with
minor amounts of Ce distributed throughout the coating. At
point 7, nickel, chromium, and oxygen are seen with a minor
presence of Ce, which indicates the formation of oxides of
these elements. An EDS point analysis Fig. 10d observed
a thin (45 pm) oxide layer with spallation for OHS5-coated
TP347H steel after oxidation in air at 750 °C. Point 1 con-
firms the structure of substrate steel, whereas points 2 to 6
reveal the composition of the coating. Point 7 on the top of
the surface suggests the chances of oxides of Ni and Cr along
with Ce.

3.2.6 Mapping analysis

Figure 11 shows an X-ray map analysis of bare TP347H
steel exposed to cyclic air oxidation after 50 cycles at a tem-
perature of 750 °C. According to the compositional image,
the primary oxidation occurs at the substrate/scale interface,
which develops a brittle, weakly connected oxide scale of
iron. In addition to iron, austenite steel is composed of Cr
and Ni with some minor elements, suggesting the formation
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of oxides of these elements. X-ray mapping of OH-coated
TP347H steel (Fig. 12) after oxidation in air at 750 °C for 50
cycles indicated the formation of a thin oxide scale, which
contains mainly chromium, nickel, and oxygen along with
carbon. The formation of a dense layer of chromium oxide
with spinels of Ni—Cr does not allow any further diffusion,
thereby slowing down the oxidation rate. Figures 13, 14
and 15 illustrate the elemental mapping analysis for ceria-
modified OH1, OH3, and OHS5 coated TP347H steel after
oxidizing in the air environment at 750 °C for 50 cycles. The
composition images indicated that all the ceria-added coat-
ings successfully protect the base metal after developing the
oxide scale on the top of the coatings, which is primarily com-
posed of Cr and Ni, along with Ce distributed throughout the
coatings. In addition, no diffusion of oxygen was observed
after the oxide scale developed on the top of the surface of
coatings. But in the case of OH5-coated steel, coating spalla-
tion (tiny particles) was observed during the oxidation study,
which might be due to the higher amount of ceria added in
Cr3C2—NiCr coating.

4 Discussion

Under the cyclic oxidation study, bare steel (TP347H) experi-
enced maximum weight gain (6.102 mg/cm?), indicating the
low oxidation resistance of base steel. The oxide scale for-
mation is also revealed during visual observations in which
the sample experienced a change in colour from metallic grey
to black with dark patches during the cyclic study. Some of
the bright blue spots were observed after the 4th cycle, sug-
gesting the formation of oxides and spinels of Fe, Cr, and
Ni (Fan et al. 2020). Weight gain analysis Fig. 6 of bare
TP347H steel showed a significant increase in weight dur-
ing oxidation cycles, which might be due to the formation
of oxides of basic elements (Iron) present in the bare steel.
At high temperature in an oxidizing environment, TP347H
steel develops a fragile oxide layer, which was comprised
of Fe,O3 (Haematite), NiFe,O4 (Nickel-Magnetite), and
NiCr;04 (Nickel-Chromium oxide), as revealed by XRD
analysis (Fig. 6a). Iron has a greater affinity for oxygen than
other alloying elements, resulting in iron diffusing quicker
than other constituents and forming an oxide layer (Fe,O3)
of iron (Nyadongo et al. 2021). As the bare steel consists of
alloying elements (Ni, Cr) along with iron, so diffusion—re-
action is continuous under long term exposure, which creates
more compounds due to the following reactions:

Ni+ 0; — NiO 1

NiO 4+ Fe;03 — NiFe,0y. 2)
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Fig. 8 XRD Analysis of, a bare and HVOF coated, b OH, c OH1,d OH3,
and e OHS samples after oxidation at 750 °C for 50 cycles

After diffusion of iron towards the top of the surface, it
further reacts with nickel in the presence of the surrounding
environment, which generates another compound of Ni and
Fe. Similarly, NiCr, O spinels were detected by XRD peaks
during oxidation study, which might be due to outward diffu-
sion and reaction of NiO and Cr, O3 to form NiCryO4 spinels
(Shi et al. 2012; Ding et al. 2015; Chen et al. 2020a).

EDS and X-ray mapping analysis of bare steel shows oxide
scale primarily composed of iron and spinels of Ni and Cr as
shown in Figs. 9 and 11, respectively. No spallation and sput-
tering were observed during the oxidation study for TP347H
steel, as shown in Fig. 5a, which might be due to the signifi-
cant presence of Cr (17.53%) in the substrate material (Gheno
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Fig.9 EDS point analysis across the cross-section of bare TP347H sub-
strate steel after oxidation in air at 750 °C for 50 cycles

et al. 2012; Thakare et al. 2019; Veselkov et al. 2021). Vari-
ous authors reported that the presence of Cr in the base metal
produces oxides and spinels (Eq. 2) of the chromium due
to its more negative Gibbs free energy, as illustrated by the
Ellingham diagram. The initiation of reaction in the pres-
ence of oxygen depends upon the negativity of Gibbs free
energy (thermodynamic driving force) available to carry out
the reaction. However, in the present study oxide scale is
mainly composed of Fe,O3, which affects the stability of
chromium and its spinels (Col et al. 2017). Oxides of iron
are reported to be non-protective due to the porous structure
through which oxidizing species travel towards base metal,
and deterioration of metal takes place (Habib et al. 2011;
Chatha et al. 2012; Huang et al. 2020). Figure 16 represents
the schematic diagram of the oxidation mechanism that pro-
ceeds through the TP347H steel substrate after subjecting to
the oxidizing environment at 750 °C for 50 cycles.

In the case of HVOF-coated samples, a dark grey oxide
scale appeared all over the surface, which get intensified with
the passage of cycles. After a few cycles, green colour oxide
also starts appearing on the scale. The presence of dark grey
colour oxide indicates the formation of chromium oxide,
and green colour suggests NiO, as reported by Kaur et al.

@ Springer

(2009). As-sprayed ceria-doped Cr3Cr—NiCr coating indi-
cated a better value of microhardness than the conventional
coating, which might be due to grain refinement (hetero-
geneous nucleation) and reduction in microporosity due to
a decrease in interfacial energy and surface tension between
crystal nucleus and the melted feedstock powder during coat-
ing deposition (Wei et al. 2014; Saladi et al. 2015; Shu et al.
2020; Wu et al. 2020).

The HVOF sprayed Cr3C,—NiCr coating (OH) suc-
cessfully enhanced the oxidation resistance of austenite
(TP347H) steel after developing an oxide scale, which pri-
marily comprised of Cr;O3, Cr23Cs, Cr3Cs, and NiCr Oy,
phases as confirmed by XRD analysis (Fig. 8b). Weight
change data also illustrate that the Cr3C2—NiCr-coated sam-
ple gained a higher weight (3.748 mg/cm?) than ceria added
coatings. The oxide scale formation is also validated by the
change in colour of the OH-coated sample from light grey to
dark grey, along with dark green patches. Dark grey colour
on the coating surface suggests Cr, O3, and dark green colour
suggests towards NiO, as reported by (Liu et al. 2020a). Due
to high thermal stability, the Cr,O3 compound protects the
base metal from oxidizing species after the development of
a thick and continuous oxide layer as depicted in SEM/EDS
analysis (Fig. 10a) and X-ray map analysis (Fig. 12). The
formation of Cr,O3 might be due to the reaction of Cr and
oxidation of Cr3C; in various steps resulting in the devel-
opment of Cr3Cg or CryO3 (Qu et al. 2008; Mittal et al.
2014).

+0 +0
Cr3Cy —>5 CriC3 —3 Cry3Ce

X 1cnver] 2% Cn0s. 3)

According to the Cr-C-O phase diagram of carbides at
1 atm pressure, Crp3Cg, Cr7C3, Cr3Cs, and Crp O3 may coex-
ist at 750 °C. The above chromium carbide compounds with
higher carbon percentages are more stable. The Cry3Cg com-
pound may react with diffusible carbon at the Cr,O3/Cry3Cg
interface to form CryCs or Cr3C, via the reactions listed
below (Wu et al. 2015).

Cry;C6 + [C] — Cr;Cs 4

Cry3Cg + [C] = Cr3Cs. (@)

Furthermore, the spinels of Ni and Cr (NiCr;O4) also
facilitated higher oxidation resistance due to their low diffu-
sion coefficient than parental oxides (Nyadongo et al. 2021).
However, minor cracks with spallation of tiny particles were
noticed in the case of OH-coated sample during the cyclic
study. Due to thermal fluctuations (heating/cooling), the plas-
ticity of the oxide scale is directly affected by stress generated
within the oxide scale (song et al. 2011). Due to these
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Fig. 10 EDS point analysis across the cross-section of a OH, b OH1, ¢ OH3, and d OHS5-coated steel after oxidation in air at 750 °C for 50 cycles

stresses (compressive/tensile), deformation (cracks, spalla-
tion, delamination) occurs in the oxide scale, which helps in
releasing the stresses within an oxide layer (Kitamura et al.
2019; Kumar et al. 2019a). Ceria modified OH1-coated steel
performed better under cyclic oxidation with no cracking

& spallation observed throughout the 50 cycles. From the
weight change chart (Fig. 6), It is estimated that OH1-coated
sample experienced minor weight gain (1.079 mg/cm?) dur-
ing initial cycles, which might be due to the rapid formation
of the oxide layer of chromium and nickel along with cerium
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Fig. 11 Composition image and X-ray mapping analysis across the cross-section of bare TP347H substrate steel after air oxidation at 750 °C for
50 cycles

Fig. 12 Composition image and X-ray mapping analysis across the cross-section of OH-coated steel after air oxidation at 750 °C for 50 cycles
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Fig. 14 Composition image and X-ray mapping analysis across the cross-section of OH3-coated steel after air oxidation at 750 °C for 50 cycles
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Fig. 15 Composition image and X-ray mapping analysis across the cross-section of OH5-coated steel after air oxidation at 750 °C for 50 cycles

Fig. 16 Schematic diagram Fragile
represents oxidation mechanism oxide scale developed at 750°C
bare TP347H after subjecting to ’—L‘

the oxidizing environment at B
750 °C for 50 cycles

Fe,Os
(Light grey colour)

NiF€204 NiCl’zO4
(dark greyish colour)  (dark black colour)
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Fig. 17 Oxidation analysis at higher magnification across the cross-section of, a OH, b OH1, ¢ OH3, and d OH5-coated steel after 50 cycles at

750 °C

on the surface of the coating, as seen in X-ray mapping anal-
ysis (Fig. 12). Figure 8c shows the XRD analysis of the
oxidized OH1-coated sample, which indicates the formation
of CrpO3 and NiCr,O4 as major phases along with Cr3C,,
CeO;, Cey03, and CeCrO3 as the minor phases. The pres-
ence of CeO,, Ce,03, and CeCrO3 phases might increase the
grain boundaries (GB) area after decreasing grain size due
to heterogeneous nucleation, which improves the diffusion
of chromium through these grain boundaries (Qu et al. 2008;
Kadgaye et al. 2021). The above improvement decreases the
critical concentration of chromium to form the Cr,O3 layer
(Li et al. 2014). Once the protective layer forms on the sur-
face of the coating, it achieves steady-state oxidation and
impedes the diffusion of oxygen and other corroded species
(Kamal and Sharma 2016; Shao et al. 2012; Sharma 2012;

Sharma et al. 2008). XRD identified peak of CeO; element
have characteristics to store/release O, at high-temperature,
resulting in decomposition of CeO; (+ 4 oxidation state) to
Ce>03 (+ 3 oxidation state) and oxygen (Botu et al. 2014;
Liu et al. 2015). The expressions can be expressed as:

CeOy — Ce + 0, (6)

CeO; — Cer03+1/50,. )

In the + 4-oxidation state, cerium has Ce** ions, and after
conversion to + 3 oxidation state, its properties change to
Ce* ions. When cerium changes from Ce** to Ce3* state,
resulting in oxygen vacancies formation (Wu and Lin 2014;
Han et al. 2019). The Kroger—Vink notation can be used
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segregation) for the cations (Cr* and Ni*) and anions (O2) due to large ionic size,
resulting in slow down the migration (diffusion) process.

2. Simultaneously, when CeO2 decomposes to Ce20s it releases oxygen and creates
oxygen vacancies Vo. The Cr+ cations occupy these oxygen vacancies by the
formation of CeCrOs phase.

3. Due to the above-proposed mechanisms, the thin and compact oxide layer developed

inside rather than outside the coating, which acts as a barrier to oxidizing species.

Fig. 18 Schematic diagram represents the oxidation mechanism of Cr3C,—NiCr coatings after the addition of different concentrations of CeO,

particles

to express this reaction as (Thanneeru et al. 2007; Muhich
2017):

1
2Ce}, + O = 2Ceq, + Vo + 2—02(gas). (8)

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 (Esposito
et al. 2013). The initial oxidation rate is determined by the
migration of oxygen inward through the oxygen vacancies

@ Springer

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 temperature. The seg-
regation of Ce (Ce>* and Ce**) metal ions at grain boundaries
of the Cr,O3 layer limits chromium outward diffusion while
boosting oxygen inward diffusion (Rahman and Jayaganthan
2016). Zinkevich et al. (2006), and Lone et al. (2019) reported
that the ionic radius of cerium (Ce** and Ce**) is larger than
Cr cations and Ni cations and from oxygen anions, which acts



Multiscale and Multidisciplinary Modeling, Experiments and Design (2022) 5:403-426 421

as a barrier (hindrance) towards cation diffusion after seg-
regating at grain boundaries resulting in a change in oxide
growth mechanism by cation diffusion to anion diffusion.
This is evident from the weight change graph (Fig. 6), which
shows that adding CeO, to the Cr3C,—NiCr coating reduced
weight gain. XRD profile (Fig. 8c) of OH1-coated steel fur-
ther validates the above results after showing the CeCrO3
phase in the spectrum. The above compound (CeCrO3) devel-
oped after the chemical reaction between Ce;O3 and CryO3
phases in the presence of oxygen (Shukla et al. 2009; Li et al.
2010; Siripongsakul et al. 2017). The expression of reaction
can be written as:

Cer03 + CrpO3 — 2CeCr0O3. )

The existence of the CeCrO3 phase might be due to the
segregation effect of cerium in grain boundaries of the Cr, O3
layer (Li and Chen 2010; Kumar et al. 2014; Stefan et al.
2017). Due to the above change in the oxide growth mecha-
nism, the vacancy (oxygen) formation inside the oxide layer
(due to outward cation diffusion) decreases, improving the
oxide layer’s density (compactness). In the present study,
a dense and thin oxide layer of Cr,O3 was observed after
adding minor wt-%age (0.4) of ceria in Cr3C>—NiCr coat-
ing, which protects the base TP347Hsteel from the oxidizing
environment. Various authors (Kawamura et al. 1998; Yin
et al. 2010; Colson et al. 1995; Kamal and Sharma 2016)
have reported similar results of improving the microstruc-
ture of coatings after the addition of the Ce element. From
the weight gain graph Fig. 6, it is observed that OH3-coated
steel gained a higher weight (2.054 mg/cm?) than OH1 and
OH-coated steel. The OH3 coating with 0.8 wt-% ceria pro-
vided superior protection to the base steel in the oxidizing
environment at 750 °C for 50 cycles. The OH3-coated steel’s
XRD profile (Fig. 8d) confirmed the existence of basic, com-
plicated, and combined oxides (spinels), including Cr,0Os,
Cr3Cz, Cr3Ce¢, Nio CryOy4, and CeCrOs spinels. The develop-
ment of the Cr,O3 layer might be due to a chemical reaction
that occurred, as represented in Eq. 3, which provided bet-
ter protection to the substrate material (Yu et al. 2020). In
addition to the above oxides, NiCr,O4 spinels also support
the oxidation resistance, which developed after oxygen dif-
fusion through NiO towards Cr,O3 (Shi et al. 2020; Chen
et al. 2020b). The expression can be written as:

NiO + Cr03 — NiCr04. (10)

The ceria-modified OH3 coating provided good oxida-
tion resistance at 750 °C might be due to the dense and
compact oxide scale of chromium oxide along with minor
spinels of nickel and cerium as confirmed by X-ray map-
ping analysis (Fig. 14). OH3-coated steel indicated superior

protection from oxidizing species might be due to the seg-
regated CeCrO3 phase (Eq. 9) along the grain boundaries
of the oxide scale (Downham et al. 1990). Figures 10c and
170 illustrates that OH3-coated steel gain a thick oxide scale
than OH1, which might be due to the higher (0.8) wt-%age
of Ce in Cr3C,—NiCr coating as compared to 0.4wt% of Ce
added Cr3C,—NiCr coating. Authors Zinkevich et al. (2006),
and Muhich (2017) reported higher ratio of Ce may increase
the oxygen vacancies concentration, resulting in more (Cr>*)
cations required to cover the generated vacancies (sites)
in the oxide scale as discussed in the above section.The
ceria modified (OHS) Cr3C>—-NiCr coating with 1.2wt-% of
CeO, revealed a higher weight gain (3.363 mg/cm?) than its
counterparts. Higher weight gain might be due to a higher
concentration of ceria in the conventional coating. During
the initial oxidation cycles, the colour of the OH5-coated
sample transformed from light grey to dark grey with green
patches, which could be attributed to the initiation of the
oxide scale (Liu et al. 2019). Minor black spots were also
seen on the surface of the coating, which may be attributed
to the oxidation reaction. The main phases revealed by XRD
analysis (Fig. 8e) are Cr03, Cr3C;, NiCr,O4, CeO,, and
CeCrOs. The chemical reactions responsible for the devel-
opment of these oxides are given in Egs. 3, 5, 6, 9, and 10,
respectively. Figure 15 (X-ray map) revealed that the oxide
layer of chromium is mainly responsible for the protection
of bare steel along with spinels of nickel and cerium. The
phases revealed by XRD analysis were reported to be protec-
tive under corrosive environments (Shao et al. 2012; Mudgal
et al. 2014). However, spallation of oxides in the form of
tiny particles was observed on the surface of the coating.
Coating spallation in the form of tiny particles might be due
to the high ratio (1.2wt-%) of Ce in carbide coating. Vari-
ous authors reported that rare earth is beneficial if they were
added to coating in small fractions (Naumenko et al. 2016;
Vishnoi et al. 2020). Various researchers (Cambon et al. 2012;
Shao et al. 2012; Rehman et al. 2021) reported that a high
ratio (wt.%) of rare earth elements promotes oxygen vacan-
cies concentration and nucleation sites for the oxide scale but
also promotes porosity/cavities inside the oxide scale might
be due to difference between oxygen vacancies and chromia
nucleation sites.

Figure 17 represents the oxide layer structure for ceria-
added Cr3C,—NiCr coatings (OH, OH1, OH3, and OHS5)
after 50 cycles of oxidation. The gap that arises between
vacancies and nucleation sites may reduce oxide scale adhe-
sion, as observed in the OH5-coated steel (Fig. 17d). various
Authors (Yi et al. 2000; Chgcmanowski et al. 2013; Cai
et al. 2018; Wang et al. 2019) have reported that a higher
ratio of the rare earth in surface deposited coatings may
reduce the adhesion and microhardness as well as reduce
oxidation resistance. A lower value of microhardness is
also observed for OHS5 coating doped with a higher amount
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of Ce than OHI- and OH3-coated steels, as depicted in
Fig. 2. Pang et al. (2016a) reported that a higher concen-
tration of cerium increases the microporosity of the coating
or oxide scale; simultaneously, the oxidation resistance of
coated substrate decreases.Oxidation morphology results of
the ceria-modified coated steel illustrate that the addition
of CeO; in coating hinders the growth of oxide scale and
assists the Cr-rich oxide layer, which enhances the oxidation
resistance of chromium carbide coatings (Cueff et al. 2004;
Pang et al. 2016a). From the weight change analysis Fig. 6
and SEM/EDS analysis (Fig. 10b—d), it is observed that the
cerium element speedup up the initial oxidation to build up
a protective layer early than undoped Cr;Co—NiCr coating,
resulting in a thin oxide scale. A mechanism has been pro-
posed for conventional and CrpC3—NiCr coating modified
with different fractions of ceria after subjecting oxidizing
environment at 750 °C for 50 cycles and has been shown in
Fig. 18.

5 Conclusions

1. Microhardness of the conventional and ceria modified
coatings was measured as OH coating-854Hv, OH1
coating-925Hv, OH3 coating-966Hv, and OH5 coating-
895Hv. Ceria element improves the microhardness of
the Cr3C—NiCr coating if added in optimum wt-%age.
Moreover, the microporosity of the coating was also
enhanced with a minimum concentration of Ce. Simi-
larly, the surface roughness of the coating decreased with
increasing the concentration of cerium.

2. Bare steel TP347H possesses higher weight gain due
to oxidation, but no spallation of oxide scale was evi-
denced during the cyclic study, which might be due to
the presence of chromium (71.53 wt.%) and nickel (11.42
wt.%) in austenite steel. The main phases revealed in oxi-
dized TP347H steel are Fe,O3 along with NiFe,O4 and
NiCryOy4 spinels.

3. Cr3Cy—NiCr-coated TP347H steel showed good oxida-
tion resistance with minor crack and spallation of oxide
scale. Oxides of Cr, O3 with NiCr,O4 spinels are mainly
responsible for increasing the oxidation resistance. The
main reason behind the crack and spallation of oxide
scale is thermal stress developed during thermal fluctu-
ation during cycles study at 750 °C. The repetitions of
heating and cooling reduce the oxide scale plasticity.

4. Cr3zCy-NiCr coating modified with different contents
(0.4wt-%, 0.8wt-%, and 1.2wt-%) of CeO, provided
better protection in the oxidizing atmosphere, possi-
bly due to the existence of Cr,O3, Cr3C;, NiCrOq4,
and Cry3Ce. The auxiliary phases in ceria-modified
coatings are Ce,O3 and CeCrOs, primarily responsible
for enhancing the oxidation resistance of Cr3C,—NiCr

@ Springer

coating after creating hindrance to metal cation (Cr,
Ni). The variation in the thickness of various samples
is as follows: OHl-coated steel-20 pwm, OH3-coated
steel-35 wm, OHS5-coated steel-45 pwm, OH-coated steel-
50 wm. Moreover, thin (lower thickness than OH sample)
and a compact oxide layer formed after the addition of
Ce, enhancing the oxide scale’s plasticity

5. Cr3Cy—NiCrcoating (OH1) doped with 0.4wt-% of CeO,
exhibited better oxidation resistance followed by OH3,
and OHS, doped with 0.8wt-% and 1.2 wt-% of CeO»,
respectively. However, a higher concentration of Ce in
Cr3Cy-NiCr coating loosens the adhesion of the oxide
scale.

6. NiCryO4 spinels and Cr3Cg, Cr7C; phases have
enhanced the oxidation resistance of coated TP347H steel
samples.
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