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Abstract

To enhance the efficiency and durability of the gas turbine and aircraft compo-
nents, thermal barrier coatings (TBCs) are the most considerable protection tech-
niques available. The present work is mainly concentrating on improving the high-
temperature corrosion characteristics of uncoated and plasma-spray coated alloy
A-286 under Na,SO,-5%NaCl-7.5%NaVO; deposit at 900°C. By using plasma
spray process NiCrAlY and YSZ (bond coat-NiCrAlY and top coat-YSZ) thermal
barrier coating was deposited on the alloy A-286. Coating characterization such as
roughness was analysed on the coating surface and coating thickness and hardness
analysis were performed on the coating region at the cross section. X-ray diffraction
(XRD) and scanning electron microscope (SEM) were employed to study the phases
and coating microstructure before and after being subjected to corrosion. The rate of
corrosion was derived by thermo-gravimetric analysis. Using the elemental mapping
technique and EDS compositional analysis, the scale thickness and corrosion attack
were identified. During the corrosion experiment, sputtering and spallation of oxide
were noticed on the uncoated specimen. The oxide layer failure was not found in
both the coated specimens. The results indicated that YSZ coating exhibits a better
corrosion resistance than NiCrAlY. The reaction products such as monoclinic ZrO,
and YVO, were found in the corroded YSZ coating. There was no significant failure,
but degradation was found on the coating due to molten salt.
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Introduction

A-286 alloy is a precipitation-hardenable Fe-based alloy (strengthening phase
(Ni5(Al, Ti)) and has an austenitic structure. It is extensively used in various
industrial sectors such as in aerospace, jet engines, gas turbine blades, rotors,
afterburners and acidic environments like chlorine, sulfuric acid and for the supe-
rior hydrogen use environment because of its good mechanical strength, thermal
resistance and enormous corrosion resistance. This alloy is mainly used in the
joining surface of gas turbines where surfaces like power turbine inlets and gas
turbines exit. In the gas turbine environment, the alloy is more susceptible to cor-
rosion attack [1-3]. The major issue in high temperature gas turbine industries is
hot corrosion due to oxidation and salt deposition at high temperatures. The fuels
used in the aero engine and gas turbine industries contain corrosive elements
such as vanadium, sodium and sulphur. At elevated temperatures, these corro-
sive elements get oxidized and react with one another resulted in the formation
of Na,SO,, NaVO; and V,0;, etc. These corrosive species could deposit on the
hot section of the parts, which results in deterioration of the metals and later it
leads to the failure of the components. The failure of these components results in
damage to the physical and chemical properties. In order to protect these hot parts
from high temperature as well as salt, it is significant that the samples should
be coated with corrosion-resistant metallic and ceramic materials using thermal
spray coating techniques [3-6].

Generally, thermal spray coatings like plasma spray, cold spray, high-veloc-
ity oxy-fuel and plasma spray-physical vapour deposition are widely encouraged
for protecting the parts when exposed to high temperature. The various coating
materials such as Cr;C,-25%NiCr, NijAl, Ni-20%Cr, NiCrAlY, and YSZ were
widely prepared by different thermal spray procedures for enhancing hot corro-
sion and oxidation resistance [6, 7]. In this decade, to prevent the hot section
parts in gas turbine applications from corrosion and to increase the turbine inlet
operating temperature to increase the efficiency of the engine by offering the ther-
mal insulation properties using thermal barrier coatings (TBCs). TBC system is a
combination of ceramic top coat and metallic bond coat. The metallic bond coat
(BC) MCrAlY (M refers Co, Ni and Ni/Co) offers the corrosion and oxidation
resistance due to the development of oxides of Ni, Al and Cr at elevated tem-
perature and Y exhibit the adhesion behaviour between the top coat and bond
coat [8—10]. The main purpose of the topcoat (TC) is to reduce the heat transfer
to the substrate which is related to the thermal conductivity. Yttrium stabilized
zirconia (YSZ) is widely preferred as the TC material in TBC system because of
its low thermal conductivity and high thermal expansion coefficient (CTE) which
is near to the substrate and coating. The thermal insulation properties provided by
ceramic yttrium stabilized zirconia (YSZ) topcoat (TC) which has high thermal
expansion (11X 107%°C~!) and is near to BC CTE value (14x107%°C™"), a low
thermal conductivity (1.2-1.8 Wm~' K=!) and high strain tolerance and compli-
ance. The TC material 7-8%YSZ acts as a thermal insulator which is made from
Y,0; (4-4.5 mol%) stabilized ZrO, [10-14] When the TBC is exposed to high
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temperature, an oxide layer will be generated between TC and BC which is called
as thermally grown oxide (TGO). It leads to TBC failure and spallation of the TC
causing compressive residual stress. In addition, thermal expansion coefficient
mismatch between the BC and TC can exasperate to failure in the coating during
thermal cycles. In TBC system, plasma spray is the widely employed method to
prepare ceramic topcoat due to its more economic and the coating depositions
are carried out at a high temperature and open atmosphere and also have unique
advantages easy deposition and cost-effective [13—15]. NiCrAlY coating holds
excellent corrosion resistance behaviour because of the development of protective
Cr,0; NiO and Al,O; layer. Generally, these oxide layers have a high melting
point and are even stable, which provides corrosion resistance upto 900°C [16].
Muthu et al. [3] performed protective Ni and Cr coating on alloy A-286 using
HVOF and investigated the hot corrosion characteristics of the samples in aggressive
salt condition at 700°C. The author reported that bare metal experienced to severe
corrosion attack and the coating protects the material against salt is attributed to the
protective scales developed on the surface. Gurdeep et al. [17] investigated the cor-
rosion performance on SA213-T-22 steel with plasma-coated Al,0;-TiO, in molten
salt of sulphate and vanadate environment at 900°C. From the results, the author
mentioned that the uncoated specimen was more prone with corrosion and gained
more weight as compared to the coated specimen which forms a better protective
oxide layer. The author reported that the coating employed by plasma provides pro-
tection and also rate of corrosion is highly dependent on the partial pressure of oxy-
gen present in the atmosphere. Many researchers have suggested that plasma spray
coating is the common method and best choice for TBC preparation. Lie et al. [18]
deposited TBC of YSZ by plasma and laser glazing method and compared the cor-
rosion behaviour at 700 and 1000°C for 4 h in V,05 salt environment. The author
observed that net-like cracks and un-melted powders on the coating surface led to
the penetration of molten salts. The laser glazed coating experienced more vertical
cracks which facilitated the penetration of molten salts. Further research on verti-
cal crack width optimization can reduce the corrosion even more. Jiagi et al. [19]
prepared NiCoCrAlY-YSZ TBC on Ni-based superalloy and investigated the iso-
thermal oxidation behaviour at 900 and 1000°C and TGO growth rate. The authors
reported that the pores and micro-cracks on the surface of the coating are due to
volumetric shrinkage or expansion and inner oxide in the interface of bond coat and
topcoat. It was inferred that the average thickness of scale and inner oxide zone was
significantly smaller in the coated sample than compared to the uncoated substrate.
Lakshmi et al. [20] analysed the hot corrosion resistance of plasma-sprayed YSZ/
Gd,Zr,0, TBC in the molten environment of Na,SO,+ V,05 at 910°C. The authors
also mentioned that TBC showed higher thermal cyclic life. Samia et al. [21] used
an air plasma spray system to fabricate YSZ TBC on Inconel 718 and CoNiCrAlY
used as a bond coating. The authors studied the isothermal oxidation and solid parti-
cles erosion performance of the coating and reported that the failure of TC resulted
in spallation during the oxidation test. The erosion resistance was improved by TBC
topcoat. Xie et al. [22] used plasma spray method to deposit TBC YSZ coating on
Inconel 738 with different environment conditions and further studied the effect of
microstructure and defects. Mohamad et al. [23] studied the corrosion behaviour of
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laser glazed and plasma-sprayed YSZ-Al,O; in a 55%V,05-45%Na,SO, environ-
ment at 1000°C for 30 h. Inconel 718 was sprayed with a NiCrAlY as a BC and
YSZ-Al,O; was deposited as a TC. The author mentioned that glazed and plasma-
sprayed coatings showed similar corrosion mechanisms. However, plasma-sprayed
coating showed a double increase in corrosion resistance than laser glazing because
of a higher fraction of protective oxide layer ZrO, in plasma spraying than laser
glazing.

From the study on the literature that was gathered, there is no detailed study to
enhance the corrosion characteristics of A-286 alloy using plasma-sprayed YSZ and
NiCrAlY coating in 3SM condition. Therefore, our present work is concentrated
on the preparation of TBC with low cost and investigated the hot-corrosion perfor-
mance of the coated and uncoated alloy A-286 in Na,SO,-5%NaCl-7.5%NaVOj; salt
environment of at 900°C. The surface morphology, phases of the reaction products
developed on the specimens and corrosion attack depth were analysed using SEM
and XRD. The kinetics of corrosion of the alloy was analysed using the weight
change method.

Experimental Procedures
Samples Preparation and Coating Deposition

The substrate material alloy A-286 (Fe-56.2, Cr-13.6, Ni-24.1, Mo-1.18, Ti-1.99,
Al-0.25, Co-0.32, Mn-1.21, V-0.15, Si-0.505, Cu-0.298 and C-0.046) is procured as
a plate of 6 mm thickness and was cut into the size of 20X 10 mm for coating prepa-
ration and corrosion study. The compositions of the alloy were ensured by optical
emission spectroscopy (OES). Prior to coating deposition, the samples are polished
using SiC sheets to remove grease, dirt and other impurities and followed by grit
blasted with alumina particles to achieve a rough surface in the range of 7-10 um
for enhancing the adhesive characteristics of the coating material on the substrate.
The samples were successfully coated with NiCrAlY and YSZ (Y,0O;-stabilized
zirconia (ZrO,)) feedstock powders using plasma spray technique and the spraying
parameters are listed in Table 1. To fabricate TBC, NiCrAlY (Ni-22%Cr-10%Al-
1%Y) was used as a BC material and YSZ (8%Y,05-92%Zr0,) as a top coat mate-
rial to achieve better bonding. The coatings were performed on all the sides of the

Table 1 Parameters of plasma

‘ Parameters Bond coating Top coating
spray coating on alloy A-286
Current (I) 520 600
Voltage (V) 60 70
H, flow rate (L min~") 5 5
Argon flow rate (L min~") 40 45
Spray distance (in mm) 100 90
Powder feed rate (g min~") 45 25
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substrates to cover the entire surface of the alloy by coating materials to enhance the
corrosion resistance.

Coating Characteristics

Various characteristics such as roughness, microhardness, surface morphology,
phases and thickness of the coating are evaluated. Mahr surface roughness tester
was used to measure the roughness of the coatings in as-sprayed conditions. For
cross-sectional analysis, the coated samples are cut into two halves, and the stand-
ard metallographic procedure is employed to obtain a mirror finish. The hardness of
the coating region was measured across the cross section using Matsuzawa Vickers
microhardness tester using a 25 g load applied for a 10 s holding time on each place
for a regular interval of 50 pm. Characterization techniques such as SEM and EDS
are used to characterize the microstructure and elements present on the powders and
coatings and phases were identified by XRD technique. The coating thickness meas-
urement was done on the coating at cross section using SEM [24].

Hot Corrosion Experiment

The corrosion study is conducted on the bare and YSZ coated alloy A-286 at 900°C
in a mixture of aggressive Na,SO,-5%NaCl-7.5%NaVOs; salt environment for 10
cycles. One cycle includes 10 h of heating the samples at 900°C and 30 min of cool-
ing them at room temperature [25]. The salts are applied on the samples (3—5 mg/
cm?) while applying salt the specimen’s temperature is maintained at 250°C to make
sure that the salt deposits properly on the samples. Prior to corrosion study, the sam-
ples are then subjected to heating at 120°C for 2 h for removing moisture from the
samples and crucibles. The samples were weighed after the end of each cycle using
an electronic weighing balance (accuracy 0.0001 g) to ensure corrosion kinetics.

Microstructural and Phase Analysis

Analysing methods such as SEM and XRD are performed on the scales developed
on the specimens to investigate the morphology and phases. A cross-sectional study
is used to ensure the scale thickness and corrosion attack using SEM investigation
and EDS line scan analysis was performed on the scale to ensure the distribution of
corrosion products. EDS analysis was done on the surface to identify the elements
present on the corroded surface.

Results
Coating Characterization

SEM observation was made on the powder particles to examine the powder morphol-
ogy of the commercially available NiCrAlY and YSZ powders used for preparing
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TBC and the composition of the elements is analysed using EDS equipped with
SEM which are shown in Fig. 1a and b. The SEM results reveal that NiCrAlY pow-
ders are irregular in shape and it has the highest weight percentage of Ni(59.56%),
Cr(21.39%), Al(17.38%) and a small amount of Y(1.67%). The spherical shape YSZ
powders are used as a topcoat material, and it has the highest weight percentage
of Zr(58.94%) followed by O(33.78%) and Y(7.28%). It could be noticed from the
SEM evaluation, the size of the NiCrAlY and YSZ powder particles was found in
the range of 25-35 pm and 20-40 pm. The XRD analysis was done on the powder
particles to investigate the phase compositions, and the results are reported in Fig. 2.
The phases of the coatings were identified using the JCPDS software. In YSZ pow-
der, ZrO, and Y are the phases present. In NiCrAlY powder, predominant elements
such as Ni, Cr and Al are present along with Y which is found in a few peaks.

Figure 3 shows the graph of surface roughness profile obtained by Mahr surface
roughness tester using centre-line average (CLA) method. The measurement is taken
on the surface of the coated samples as-sprayed condition. The measurements were
done at three different regions on the top surface of each coating for a span of 4-mm
span and an average value was calculated. Table 2 shows the measured average
roughness value (Ra) for the coatings and the Ra values were found in the NiCrAlY
and YSZ coatings are 5.847 and 6.006 um, respectively. It can be observed that simi-
lar roughness values were obtained in both the case of coatings.

Plasma coating microstructure was analysed on the surface as-sprayed con-
dition using SEM and is illustrated in Fig. 4a and b. It can be observed from the

Spectrum 2
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Fig.1 SEM-EDS analysis of powder particles used for plasma spray deposition. a NiCrAlY and b YSZ
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Fig.3 Surface roughness profile of a NiCrAlY coating and bYSZ coating
Table 2 Surface roughness of -
Coat R R R R
the plasma-sprayed coating oatng 4 - b m
NiCrAlY 6.4575 6.0860 4.9975 5.8470
YSZ 5.7833 6.1815 6.0541 6.0063

YSZ coating, splat like structures are formed along the whole surface and show the
smooth surface, whereas in NiCrAlY coating, it is seen only in a few areas. This
is due to unmelted powder particles which are present due to insufficient heat dur-
ing plasma coating. The NiCrAlY coating surface has lots of micropores and a
few large pores are noticed which would fasten the molten salt penetration into the
coating. The EDS results reveal that NiCrAlY coating surface predominantly has
Ni, Al and Cr. In case of YSZ coating, Zr is the predominant element along with
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Fig.4 SEM surface and cross-sectional microstructure of the a and ¢ NiCrAlY and b and d YSZ coating
employed by plasma method

minor Y and O are noticed. Figure 4c and d shows the cross-sectional SEM image of
plasma-sprayed NiCrAlY and thermal barrier YSZ coating. In the case of NiCrAlY,
only one layer of coating is performed which has a lamella structure. The coating
shows a dense structure with well-bonded, fewer pores and cracks and thickness
was obtained in the range of 165-175 um. In YSZ coating, two coating layers are
formed which are the bond coat is of NiCrAlY and the top-coat is of YSZ. YSZ
cannot be directly coated on the selected alloy A-286 due to the variation of CTE
value between substrate and YSZ. Both the coatings show the lamella structure with
a thickness of 403 pm (BC-300 pm and TC-103 pm). It is inferred from the SEM
analysis that both the coatings have some micropores and there are no cracks and
inclusions that could be found in the interface which suggests that the coatings are
well bonded with the substrate.

The XRD plots of the coatings (NiCrAlY and YSZ) performed by plasma spray
technique are depicted in Fig. 5. It is noticed from the XRD patterns, tetragonal
ZrO, phase was seen as the major phase in the YSZ coating. Similarly, in NiCrAlY
coating, major phases Ni and Ni;Al are found and low intensity of peaks Cr and
Cr,0; is noticed as-sprayed condition which may be attributed to the during solidifi-
cation of impacting splats or in-flights particles oxidation on the surface.

Microhardness was tested on the cross section of the coated samples and the hard-
ness profile is shown in Fig. 6. The hardness value is around 300-340 HV on the sub-
strate region and the interface region shows the high hardness value than substrate
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Fig. 6 Microhardness plot of the plasma-sprayed coating on alloy A-286

is about (515-550 HV) due to shot peening or work hardening effect and the higher
kinetic energies of powder particles. NiCrAlY coating region has a hardness value
ranging between 600-638 HV and YSZ region has a range of 671-688 HV. It is
inferred from the microhardness results, and the coating region has high hardness value
than the substrate region due to metallurgical change.
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Hot Corrosion Study
Visual Analysis and Weight Gain Plot

Figure 7 represents the macro-images of the samples during exposure to the salt
environment at 900°C for 10 cycles. During the corrosion study, change in weight

Bare Alloy A-286 NiCrAlY coating YSZ TBC

| ‘

After MS

L’—s
§ o A |

Fig. 7 Macro-images of the bare, NiCrAlY and YSZ coated alloy A-286 during corrosion study at differ-
ent cycles
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and colour was observed and noted after each cycle. It is observed that the bare
sample turned dark black after the first cycle and NiCrAlY and YSZ samples
turned yellowish-green. Fragile scales are observed and lots of spallation could
be witnessed on the bare specimen which indicates that the non-protective and
porous oxide layer formation. The spalled scales were collected in the crucibles
till the end of the test and were included during the weight measurement [25, 26].
Whereas in the coated samples, there was no spallation was noticed.

The weight gain curve for the coated and bare alloy A-286 after being exposed
to salt conditions is depicted in Fig. 8. The weight gain plot (Fig. 8) shows that
the sample coated with YSZ powder shows a high corrosion resistance and less
weight gain compared to the sample coated with NiCrAlY powder and uncoated
material. The cumulative weight gain and Kp value are listed in Table 3. The Kp
value for the uncoated specimen is much higher than the coated specimens which
indicates that the high corrosion rate and highly subjected to corrosion.
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Fig. 8 Weight gain plot and cumulative weight gain histogram of the corroded alloy A-286
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Table 3 Weight gain and K, values of the corroded samples

Specimens Bare specimen YSZ coating NiCrAlY coating
Weight gain/unit area (mg/cm?) 9.1479 4.5264 5.0824

K, (x107'% g’cm™ s7") 2.3245 0.5691 0.7175

Surface Morphology

The surface and compositional analysis of the coated and bare Alloy A-286 after
corrosion was observed using SEM and EDS techniques which are presented in
Fig. 9. It can be seen that the reaction products fully covered the coating. The scales
developed on the uncoated alloy A-286 at 900°C (Fig. 9a) depict the plate and crys-
talline shape morphology. The EDS results revealed that it has a significant amount
of O and Fe along with a little amount of Cr, Ni, Na, S, Cl and V. The SEM morphol-
ogy of the corroded NiCrAlY coated sample shows the spongy nodular structure as
shown in Fig. 9b. The EDS results on the surface show a predominant percentage of
Ni and O along with Al, Cr, V, Na, Cl and S. SEM results of YSZ corroded sample
surface (Fig. 9¢) show the rod and plate-like morphology, and the compositions of
the scales were examined by EDS and reported.

EHT=1000KV  Signal A= SE1 Dete :13Jan 2020 s} EWT=1000KV  Signal A= SE1 Date :13 Jan 2020
WD=130mm  Mag= 500KX  Time:11:3329 - WD=125mm  Mag= 600KX  Time:11:06:43

Fig.9 SEM-EDS elements analysis of the corroded surface of the a Bare b NiCrAlY coated and ¢ TBC-
YSZ coated Alloy A-286
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XRD Analysis on Corrosion Sample

Figure 10 illustrates the XRD analysis of the corroded TBC coated and uncoated
alloy A-286. The XRD analysis indicated that Fe,O; is the main scale in the case
of uncoated specimen along with minor phases such as NiO, Cr,0;, NiCr,0,, FeS,
NiS and CrS are found. XRD analysis for the NiCrAlY coated A-286 alloy shows
the existence of NiO, Cr,05, NiAl,O, and NiCr,0, as the predominant phases along
with Al,O3, NiS, YVO, and CrS phases. In the case of YSZ-coated specimen, YVO,
and ZrO, are noticed due to the reaction of NaVO; and YSZ coating.

Cross Section Study

After corrosion study, the samples are sectioned using a diamond saw cutter for a
cross-sectional study. Then, the sectioned side was subjected to mirror finish which
is followed by the standard metallographic procedure. The SEM analysis on the
uncoated specimen (Fig. 11) shows the oxides developed on the top surface which
contains many pores and cracks. A significant amount of O, Fe, Cr and Ni are
observed in the scale (Point 1). There is no O found at Points 3 and 4 which suggests
that no oxidation. The SEM micrograph for the cross section of corroded NiCrAlY
coating (Fig. 12) shows that the coating is well adherent to the substrate and there
is no cracks found in the interface region. SEM image indicated that the existence
of thin scale in the top region. Point 1 contains the significant level of O, Ni and
Cr which suggests the development of NiO and Cr,05 scales. O is present in point
1 only which is not observed at points 2 and 3. This indicated that the top surface
only is subjected to oxidation. No failures were found in the coating region and also
no corrosive elements were noticed in the substrate. From the SEM cross-sectional

T-Fe,03, 2-Ni0, 3-NiS, 4-FeS, 5-A1)03,6-Cr,03, 7-CIS,
8-NiCry0y. 9-NiAl, 0y, 10-YVOy, 11- t-Z10;, 12- m-Z10,

1
2
6
8

0 o B o=

4 Bare Meta

Intensity (a.u)
Z
Q
=
=

30 40 50 60 70 80 90

Difraction angle (26)

Fig. 10 XRD analysis of the hot corroded alloy A-286
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Fig. 11 SEM cross-sectional analysis of the hot corroded uncoated alloy A-286 after corrosion test

examination on the YSZ-coated specimen (Fig. 13), it can be noticed that a thin
layer was formed on the top coating and a minor corrosion attack was observed.
There was no coating failure and corrosion damage found on the bond coat and good
bonding was maintained with top YSZ coating after completion of the corrosion
study. The EDS results suggest that the topcoat contains the Y, O and V which indi-
cates the YVO, formation.

Elemental Line Mapping

The EDS line scan investigation on the cross section of the bare metal after corro-
sion is represented in Fig. 14. It shows the higher composition of O and Fe and also
other elements such Ni and Cr are found at top scale along with corrosion products
such as S, Cl, V and Na. A similar trend is seen in EDS line mapping of corroded
NiCrAlY and YSZ specimens as shown in Figs. 15 and 16, respectively. In case of
NiCrAlY coating (Fig. 15), scales mainly contain O, Ni and Al. This suggests the
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Fig. 12 SEM cross-sectional analysis of the hot corroded NiCrAlY coated alloy A-286 after corrosion
test

development of oxides of Ni and Al. The distribution of S and Na decreases and Fe,
Ni and Cr increase as we move towards the substrate region from the coating top
surface. The scales present on the YSZ coating (Fig. 16) shows the distribution of
high O, Zr, Y, V and Na in top scale.

Discussion

YSZ and NiCrAlY coatings have been deposited successfully on the alloy A-286
with desirable thicknesses of 403 pm and 178 um using the plasma spraying tech-
nique. The surface roughness value was observed to be higher in the case of YSZ
coating with an average value of 6.0063 pm than in NiCrAlY coating with an aver-
age of 5.8470 um. It can be seen from the SEM analysis (Fig. 4); few micropo-
res are observed on the coating surface. SEM image of the coated samples clearly
depicts that the coatings are dense, uniform and adherent. The XRD analysis was
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Fig. 13 SEM cross-sectional analysis of the hot corroded YSZ coated alloy A-286 after corrosion test

performed on the coatings in order to determine the existed phases. The XRD results
(Fig. 5) show that predominant phases are Ni and Ni;Al and a minor phase of Cr in
NiCrAlY and in YSZ the phases identified mainly are ZrO, and Y. In both the case
of YSZ and NiCrAlY coatings, the coating region exhibited the high hardness than
the substrate due to microstructural features. Microhardness profile (Fig. 6) indicates
that an interface between the coating and the substrate shows an increased hardness
value than the substrate region because of the shot peening effect of powder parti-
cles [3]. The average microhardness values for NiCrAlY and YSZ coatings are 643
HYV and 673 HV, respectively.

The corrosion test was done on the coated and uncoated alloy A-286 in a three-
salt mixture (3SM) environment. Thermogravimetric analysis (Fig. 8) briefly
explains that at the starting cycles, all the samples show a high weight gain because
of the oxidation of active elements in the substrate and coating resulting in new
oxide layers formation [3, 25]. Subsequently, the weight increase is considerably
gradual with the progress in the experiment. The bare metal experiences high weight
gain than NiCrAlY coated and YSZ coated samples after the corrosion run. The
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Fig. 14 Line scan mapping of corroded bare alloy A-286 at cross section

maximum weight gain was obtained on the bare sample and the least was found on
the YSZ coating. The Kp value for bare metal, NiCrAlY and YSZ-coated samples is
2.3245, 0.7175 and 0.5691 (x 107'% g?cm™ s71), respectively. During the corrosion
study, the bare metal changed to dark black and shows major spallation. An impor-
tant observation made from the study is, bare metal showed high weight gain up to
the 4th cycle, later weight gain is levelled off due to spallation. It is inferred from
the results that the bare metal was severely susceptible to corrosion attack resulted
in scales sputtering and spallation at the elevated temperature due to non-protective
Fe,0; scale formation [26, 27]. A porous and loose scales were developed on the
surface which was easily peeled off during cooling due to thermal stress. Sidhu et al.
[27] reported that high weight gain in alloy 800H and it was subjected to severe
sputtering and peeling of scales during the exposure to Na,SO,-60%V,05 envi-
ronment. High strain and stress could be induced in the scales due to precipitation
of Fe,0; during cooling. Fe,0; is porous in nature which allows the O and other
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Fig. 15 Line scan mapping of corroded NiCrAlY coated alloy A-286 at cross section
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corrosive species to react with the substrate material directly due to this more oxida-
tion takes place on the surface and causes the development of thick scale. Thermal
expansion value for the scales developed on the surface of the specimen also plays
a significant role in the crack formation and spallation [6, 26]. The spalling rate of
scales from the sample is observed from 1st cycle onwards and the rate of spalling
increased with an increase in time which is clearly depicted by macro-images [27].
The value of the parabolic rate constant (Kp) and weight gain for the uncoated spec-
imen is 2.3245x 107" g2cm™ s~!. The loose and fragile Fe,0; scales were mainly
developed on the uncoated sample. The EDS and XRD analysis confirmed that the
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Fig. 16 Line scan mapping of corroded YSZ TBC at cross section

existence of other phases such as NiO, NiCr,O,, Cr,0;, NiS, FeS and CrS in the
uncoated specimen. The reaction of metal oxide formation is explained by Egs.
(1-3) [3, 6]. This might be concluded by the presence of elements such as Ni and
Cr in the substrate getting oxidized and also the reaction of sulphur from Na,SO,
during the exposure. The presence of metal sulphides in the scales suggests that
the uncoated specimen experienced sulphidation [6, 28]. The cross-sectional study
inferred that the oxide scales in the uncoated specimen are thin and porous Fe,O;
scales which is confirmed by EDS point and line mapping technique along the cross
section. Due to more spallation, a thin layer of scales was noticed and the corrosion
products were distributed upto 70 um. The point EDS inspection at cross section
shows the presence of the corrosion end results such as O, S, Fe, Na and Cl which
is additionally backed up by X-ray line mapping. The existence of these corrosive
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species decreases with increasing the depth of analysis from the top surface of the
substrate.

2Fe(s) + 3/20,(g) — Fe,05(s) )
2Ni(s) + O,(g) — 2NiO(s) 2
2Al(s) + 3/20,(g) —» Al,O4(s) 3)

The presence of NaVO; (m.p 610 °C) in the environment attributes the high
oxidation, which acts as oxygen carries and stimulant to the material and results
in high weight gain as found in the uncoated specimen. The NaCl (m.p 801°C)
and NaVOj; salts react with chromium oxide to form sodium chromate thereby
releasing volatile chlorine as governed by Egs. (4 and 5). The formed Na,CrO,
evaporated as a gas [28-31].

8NaCl + 2Cr, 0, + 50, — 4Na,CrO, + 4Cl, @

4NaVO; + Cr,05 + 3/20, — 2Na,CrO, + 2V, 0, 3)

In the case of coated specimens, weight gain is high till 3rd cycle after that
drastically weight drop was observed and also no spallation could be found till
the end of the experimentation. This was attributed to the diffusion of O and other
reactive elements restricted by the development of protective NiO, Al,05, Cr,04
scales in the NiCrAlY coating and ZrO, in the YSZ coating. The stable spinel
oxides NiCr,0, and NiAl,O, could form in the coated specimen which prevents
the salt penetration and provides the corrosion resistance in the salt condition and
the reaction was explained by Eqs. (6 and 7) [16]. The cross section SEM investi-
gation of the corroded NiCrAlY coated sample (Fig. 12) shows the dense layer of
scale and the absence of corrosion product in the substrate region which is sup-
ported by EDS results. Elemental mapping (Fig. 15) also proves the absence of
corrosion products in the substrate region. A minor composition of Fe is found in
the coating region which is the result of thermal diffusion from the substrate. The
protective stable scales were noticed on the NiCrAlY coated sample which acts as
diffusion barrier of O and other corrosive elements and slows down the oxidation
process resulting in minimal weight gain was achieved than bare alloy.

NiO + Cr,0; — NiCr,0, 6)

Further, the presence of corrosive Cl in the environment would dissolve the
scale above 400°C and result in cracks development on the scales. The specimens
were experienced to active oxidation in the presence of Cl medium. The degrada-
tion rate was increased with increasing the temperature and time. Through these
cracks and pores, the O and Cl could penetrate into the scales and coatings and
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it comes in contact with the elements resulting in the development of metal chlo-
rides that are porous and volatile in nature. These porous layers allow the O caus-
ing oxides would form and increase the rate of oxidation. This oxy-chlorination is
reported in Egs. (8—-11) [6, 29].

Fe + 2CI — FeCl, (8)

2Cr + 3Cl, — 2CrCl,4 ©)]

FeCl,(s) — FeCl,(g) (10)

2FeCly(g) + 3/20,(g) — Fe,05(s) + 2Cl,(g) (11)

The YSZ coating exhibits minimum weight gain out of all samples. This shows
that YSZ coating is better corrosion resistance than the bare and NiCrAlY-coated
sample. The yellow patches indicate the deposited salts.

Y,05.Z10,(s) + 2NaVO;(I) — 2YVO,(s) + mZrO,(s) + Na,O(l)  (12)

The deposited NaVO; (m.p 610°C) is liquid state salt that reacts with Y,05 in
the ceramic topcoat YSZ lead to the development of the tetragonal ZrO, phase
which is stable up to 1200°C. It is explained by Eq. (12). Then, the phase trans-
formation occurred from the tetragonal to monoclinic ZrO, phase. The entire sur-
face of the corroded YSZ TBC coating (Fig. 9) was covered by rod-like YVO,
scale along with m-ZrO, (m refers monoclinic) after the corrosion run which con-
tributes to the YSZ topcoat deterioration [30, 31]. There is no corrosion damage
which is found in the BC region and also good adherence was obtained between
the YSZ and NiCrAlY. The high porosity in the topcoat leads to salt penetration
into the coating and degradation more [32]. But in our case, the less porosity in
the YSZ top coating block the O and corrosive salts penetration by developing the
thin ZrO, layer. The XRD results confirm that the existence of YVO,, tetragonal
Zr0O, and monoclinic ZrO, phases on the corroded surface of the YSZ coating
[33-37]. This is supported by cross section EDS and X-ray line mapping (Fig. 16)
which proves the absence of corrosion products at the interface and substrate
region. It can be noticed that the corrosion depth is very low for YSZ-coated sam-
ples than other samples. The hot corrosion mechanism of the alloy A-286 is illus-
trated in Fig. 17 which clearly indicates that the scales formation and failure.

The hot corrosion mechanisms involved in the TBC system is emphasized by
the following steps,

i. Molten salt penetration through cracks and open pores in the ceramic top coat.
ii. Corrosive molten salt reaction with stabilizer zirconia (Y,0;. ZrO,)
iii. Owing to the depletion of the zirconia stabilizer, the phase of the zirconia was
transformed from tetragonal to monoclinic.
iv. Rod shape YVO, crystal formation was obtained by reaction of NaVO; and
YSZ.
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Fig. 17 Schematic diagram of corrosion mechanism of the bare and coated alloy A-286

Conclusions

The NiCrAlY and TBC YSZ coatings were successfully deposited on the alloy
A-286 using plasma spray process to perform under harsh environment and the fol-
lowing conclusions were summarized on the corrosion behaviour of the bare and
coated alloy in 3SM environments at 900°C.

1. The thickness of the coatings such as NiCrAlY and YZS was achieved in the range
of 178 and 403 pm and the coating is well bonded to the substrate and there are
no defects found in the interface.

2. The bare sample was more prone to corrosion attack due to the direct reaction of
salt and the substrate and resulted in rapid formation of porous and loose Fe,O;
scale. Besides, the existence of S and Cl also enhances the rate of oxidation and
damaged the scales more resulted in more scales spallation.

3. The weight gain per unit area due to spallation was 9.147 mg/cm? for bare metal,
4.526 mg/cm? for YSZ-coated samples and 5.082 mg/cm? for NiCrAlY coated
samples. The YSZ and NiCrAlY samples have shown 50.52% and 44.45% lesser
weight gain than the bare metal samples, respectively.

4. YSZ-coated sample exhibits high resistance to corrosion than the bare and
NiCrAlY coated samples due to the development of dense and adherent mono-
clinic ZrO, scales and both coatings show superior resistance to corrosion and
spallation due to the development of different oxide of Cr, Al and Ni.
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