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ABSTRACT

In this study, the formation and growth of coating microstructure was studied
and reported based on APS and EB-PVD deposition mechanism with the
change in spray angle. A NiCrAlY bond coat with 8YSZ ceramic coat was
applied by APS and EB-PVD deposition onto the Inconel 718 with the variation
in spray angle. The investigation was divided into microstructural analysis
and mechanical properties to determine the effect of different deposition
mechanism and its variation in spray angle. The results obtained show that
the APS with 60° spray angle has more presence of defects, followed by APS
90° and EB-PVD samples. The APS avg. grain size varies betweern- 400 to
800nm, whereas EB-PVD in between- 150 to 300nm. The EB-PVD with 90°
spray angle results in low porosity ie. 18.12 % followed by APS 90°, EB-PVD
60 and APS 60° spray angle, respectively. The low porosity results in high
compressive residual stress than medium and high porosity. The avg. Raman
shift for EB-PVD 90° spray angle i.e. low porosity is 1.86 cm™, for medium i.e.
APS 90° and EB-PVD 60° is 1.33cm™ and 1.53cm respectively, and for high
porosity is 0.93cm™. The 90° spray angle showed better microstructural and
mechanical properties compared to 60°,

© 2024 Published by Faculty of Engineering

1. INTRODUCTION

Thermal barrier coatings (TBCs) are functional
ceramic coatings widely applied onto the gas
turbines and aero engines. The role of successful
applications of these ceramic coatings onto the hot
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components made up of nickel based superalloy is
to protect against oxidation and erosion [1-3].
With applications of TBCs which possesses low
thermal conductivity and high coefficient of
thermal expansion (CTE) leads to increase in
durability, performance and efficiency with rise in
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temperature capabilities [3]. The TBCs applied
onto the superalloy reduces fatigue due to thermal
and creep with the reduction of temperature and
driving force providing thermal barrier against
corrosion and oxidation [1, 4]. The metallic bond
coat provides adhesion property to superalloy
substrate for application of ceramic top coat [1, 5].
In addition, it also reduces CTE mismatch between
substrate and ceramic top coat [4-5]. Typically 7-8
wt. % yttria stabilized zirconia (YSZ) is used as the
most important candidate material as it shows low
thermal conductivity and high coefficient of
thermal expansion. Generally, the major ceramic
coatings used on gas turbines and aero engines are
applied using Atmospheric Plasma Spray (APS)
and Electron Beam Physical Vapour Deposition
(EB-PVD) mechanism. The TBCs are exposed to
high temperature severe environments with
working at non-uniform in pressure, oxidizing,
corrosion conditions [1]. Theses working
conditions can lead to early damage in TBCs and
can grow with time resulting in failure of the
system. There are many factors which influences
the durability of the TBCs such as microstructural
defects like cracks & pores, and mechanical
properties. These are dependable on deposition
mechanism and its spraying parameters along
with the use of different ceramic materials for top
coat [1, 3]. Hence, this develops the need of
understanding the effect and contribution of
deposition mechanism, behaviour of different
ceramic materials along with the working
environment to develop durable TBCs [1, 3-4].

Ling et al. [6] found the effect of spray distance on
coating structure producing dense grains leading
to improve hardness. Also, Dipak [7] and Mantry et
al. [8] investigated the effect of spray conditions
contributing to change in roughness and thickness
of the structure. John et al. [9] and Morks et al. [10]
added rare earth elements with surface re-melting
and glazing operation to improve the hardness and
can control the level of porosity. [zadinia et al. [11]
also contributed to improve hardness and
reduction in porosity with variation in spray
conditions to obtain conventional splats with
segmented cracks. In addition to spray
parameters, Wang et al. [12], Zhu and Ma [13], and
Ekberg et al. [14] also investigated the effect of
feedstock and heat treatment which would affect
the properties and coating structure. Even the
effect of spray angle impacted on the formation
and behaviour of grain growth structure which
was found by Schulz et al. [15-16]. Zang et al. [17]
and Ganvir et al. [18] reduced the thermal

conductivity with formation of porous coating
structure with change in spray parameters. Powell
et al. [19] found the effect of structured and
elevated porosity which affects the grain growth
leading to produce more rough surface texture in
case of elevated porosity formation. Cui et al. [20]
found the presence of more radial crack formation
in high porous region whereas more axial cracks in
low porous region resulting in penetration of
cracks towards bond coat from top coat. Jang and
Matsubara [21] found the indirect relationship of
hardness and young’s modulus with respect to
porosity. Also, Krishnasamy et al. [22] found the
effect of porous structure on fracture of coating to
predict the crack length which results decrease in
coating integrity with increase in pores size. In
addition to spray parameters, Zhang et al. [23]
found the effect of change in temperature and
velocity of in-flight particles showing better
melting resulting in fully melted particles
travelling towards substrate. These leads to
generation of better coating structure in terms of
few defects compared to partially melted particles.
Myoung et al. [24] studied the use of multiple
hopper system to control the change in feedstock
rate for formation of dense coating microstructure.
Even the feedstock powder shape and size affects
the bonding strength and addition to porous
structure which was found by Shi et al. [25].
Kadam et al. [26-27] investigated and found the
effect of spray parameters resulting on to the
change in coating hardness and roughness leading
to improve the performance of the system.
Teixeira et al. [28] found the effect of rise in
substrate temperature resulting in the generation
and change of residual stresses from tensile to
compressive during thermal loading. Scrivani et al.
[29] and Portinha et al. [30] investigated the effect
of porosity on residual stresses and found that the
compressive residual stresses increases after
annealing followed by thermal stock. From above
survey, it was found that the spraying parameters
plays an important role in formation of coating
structure and properties of the TBCs, this study
can provide a better understanding of the TBCs.

In this study, the formation and growth of coating
microstructure was studied and reported based on
APS and EB-PVD deposition mechanism with the
change in spray angle. A NiCrAlY bond coat with
8YSZ ceramic coat was applied by APS and EB-PVD
deposition onto the Inconel 718 with the variation
in spray angle. The investigation was divided into
microstructural  analysis and  mechanical
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properties to determine the effect of different
deposition mechanism and its variation in spray
angle. These studies reveal a change in formation
and growth of coating structure and its properties
indicating unique grain growth structure with
presence of few defects like cracks and pores. It
was also used to discuss the coating mechanism to
provide the strong support for the research and
development of TBCs with different deposition
mechanism and variation of spraying parameter.

2. EXPERIMENTATION
2.1 Preparation of APS/EB-PVD 8YSZ coatings

A NiCrAlY (AMDRY 962) bond coating was
sprayed on Inconel 718 using APS. The APS
substrate was a square shaped Nickel based
superalloy with dimensions of 20mm and 3mm
in thickness. The substrate surface before and
after bond coating was polished and grit blasted
with alumina powder to improve the surface
roughness, thus increases bond strength with
8YSZ ceramic top coating [27,31]. The 8YSZ
(powder provided by Oerlikon Metco, 204B-NS)
was deposited as top coat onto the bond coat
using APS and EB-PVD deposition mechanism
with variation of spray angle. The bonding coat
thickness was sanded to 90-100 pym and top
coating was deposited approx. to 300+25 um.

In both deposition mechanism, the change in
spray angle is denoted by normal (90°) and
inclined (60°) spray angle respectively. As
thumb rule, the normal spray angle is
perpendicular to the substrate to be coated i.e.
line of sight. The deviation from normal spraying
angle can compromise the coating properties.
The low velocity process needs to stay within
+15° of normal and high velocity process can
tolerate off-axis spray up to #45° [32]. The
reason behind selection of 60° angle is to avoid
the wastage of coating feedstock, as the lower
spray angle could lead to more elongation in the
coating structure with large amount of wastage
in the material [33-34]. Fig. 1 shows the
schematic diagram of spray angle direction with
respect to substrate surface used in APS and EB-
PVD deposition process. In APS process, the
substrate is fixed and the plasma gun is inclined
as per the required spray angle, whereas in EB-
PVD process, the electron beam inclination is
fixed, i.e.,, 270° and the mounting of substrate is
change as per the spray angle requirement.
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Fig. 1. Schematic showing variation of spray angle
direction for (a) APS and (b) EB-PVD.

In present work, the bond coat for all samples
were deposited in one pass with similar
spraying parameters using APS to reduce
variation in structure. A few top coat samples
were deposited by APS and few with EB-PVD
to compare with variation of spray angle.
Figure 2 shows the thermal spray and electron
beam facility used to produce coatings. The
thermal facility was available at Spraymet
Surface Technologies Pvt. Ltd., Bangalore and
EB-PVD with BITS Pilani, K. K. Birla Goa
Campus, Goa. The detailed spraying
parameters is listed in Table 1. Figure 3 shows
the 8YSZ TBC samples deposited by APS and
EB-PVD process with the change in spray angle
90° and 60°. The notations used for APS
deposited samples were A90 and A60 and EB-
PVD were called by E90 and E60 for spray
angle of 90° and 60° respectively.
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Table 1. Detailed spray parameters [23,27].

Process parameters | Bond coat Top coat
Deposition process APS APS | EB-PVD
Feedstock powder NiCrAlY 8YSZ

Current (A) 400 500 24
Filament current (mA) - - 40
Voltage (KV) 60 65 5.8
Spray distance (mm) 90 90 90
Spray Angle (°) 90 60 and 90

Fig. 2. (a) APS (Make: Sulzer Metco AG, Switzerland)
and (b) EB-PVD (Make: High Hind Vacuum Ltd.,
Bangalore) [26].

Spray angle direction

(b)

Fig. 3. Plasma sprayed with (a) 90° and (b) 60° [35], EB-
PVD sprayed with (c) 90° and (d) 60° spray angle [23].

2.2 Analysis methods

The microstructures were characterized using
scanning electron microscopy (SEM; Make:
Quanta FEG 250, Hillsboro, USA). Additionally,
the presence of porosity was calculated by

Image] software using high magnified
microstructure images [36-38].
Raman Spectroscopy (Make: Lab

Ram spectrometer, HORIBA Jobin Yvon, France)
was used to calculate the generation of residual
stress during thermal loading. The relative amount
of various phases was measured using argon-ion
laser of wavelength A=532nm with power of 5SmW.
The coating specimen were heated upto the
temperature of 500°C, followed by dwell and
cooling cycle each for the duration of 10mins.

The indentation test was performed to analyze
the hardness (HV) using quad pyramid diamond
indenter (Make: Matsuzawa VMT-7). Each
indentation performed used a maximum load of
Skgf with the hold time of 10sec. The surface
generated were measured using surf test
profilometer (Make: Mitutoyo SJ 410, Japan) to
obtained the arithmetic mean surface roughness.

3. RESULTS AND DISCUSSION
3.1 Surface morphology of 8YSZ TBCs

The microstructures of 8YSZ TBCs produced
with APS and EB-PVD deposition mechanism
with variation of spray angle is shown in
Figure 4 and Figure 5. The APS enabled 8YSZ
samples are noted as A90 and A60, whereas
the samples deposited by EB-PVD are noted by
E90 and E60. During APS and EB-PVD
deposition, the molten particles are
bombarded on the substrate and quickly
solidifies forming coating. The duration is too
short (about 20 sec.) that the first particles has
solidifies to layer before the second particles
bombards on the surface. The time from
melted particles bombards to solidified layer
is too short (about 20 sec.) that the molten
particle does not cover the entire previous
layer leading to the formation of cracks. These
molten particles create the high flattering and
smooth surface with presence of few defects
such as cracks and pores in the coating.
Whereas, few partially melted results in low
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flattering leading to high porous structure.
This leads to generation of rough surface
creating poor adhesion between deposited and
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Fig. 4. APS Microstructure with changed spray angle of (a) 90°, (b) magnified 90°, (c) 60° and (d) magnified 60° [35].

Figure 4 (a) and (c) shows the APS deposited 8YSZ
TBC with spray angle of 90° and 60°. In APS
deposition, A90 sample shows the uniform surface
with high flattering compared to A60 sample. Also,
the structure with A60 shows the presence of
more defects like cracks and pores. The crack
propagation leads to formation of segmented and
branching cracks. Due to presence of more crack
generation, the coating may result to early failure
compared to A90 sample. The presence of
segmented cracks at certain level improves the
strain tolerance and provides high young's
modulus to coating [40-41]. The horizontal crack
growth causes the crack to penetrate resulting in
vertical crack generation. The generation and
formation of horizontal and vertical cracks were
observed in both spray angle deposition
mechanism. The horizontal crack runs through
dense region contributing to less spallation
compared to vertical crack as it can separate the
splat layer structure contributing to premature
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and early failure due to spallation. Figure 4 (b) and
(d) shows the higher magnification view of A90
and A60. The rapid solidification of melted
particles leads in crack formation. The A60 sample
shows high presence of cracks and pores
compared to A90 with more width causing in
generation of high thermal stresses. The A90
shows a small opening of segmented crack
showing low significance to the formation of
branching cracks. The hexagonal grains with
boundaries and inter-crystalline space were visible
with spray angle. Only the change in grain size and
shape was observed with changed spray angle. In
A90, the grain boundary with equiaxed size is
observed with small elongation in the grains.
Whereas, in A60, the grain boundary with large
amount of elongation was observed. A similar
study was reported by Montavon et al. [33] and
Kadam et al. [40] which showed splat elongation
was affected with change in spray angle. The more
presence of defects leads to fast cooling which
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affects the formation of grains leading to brittle
failure. The A90 and A60 shows the avg. diameter
of grain structure of ~ 800 nm and 400 nm
respectively. It means that the A90 grain is around
double in size compared to A60 resulting in low
shadow region.

Figure 5 (a) and (c) shows the EB-PVD deposited
8YSZ TBC with spray angle of 90° and 60°. The
E90 shows the uniform surface with high
flattering compared to E60. Also, the structure
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Fig. 5. EB-PVD Microstructure with changed spray angle of (a) 90°, (b) magnified 90°, (c) 60° and (d) magnified 60° [27].

In current work, the spray angle considered was
90° and 60° for APS and EB-PVD deposition
mechanism. The spray angle affects the coating
structure in terms of grain growth behavior,
presence of defects such as pores, cracks and
surface irregularities, and mechanical properties. In
case of normal spray angle (90°), the coating is
evenly distributed onto the substrate whereas in
60°, the substrate surface is tilted with respect to
normal axis which results change in small spray
distance between both ends of substrate
developing tapered coating pattern (Refer Figure
1). Due to this, one end is closer to the spray gun
compared to the opposite end which results flow of

with E60 shows more presence of defects in the
coating. Figure 5 (b) and (d) shows the higher
magnification view of E90 and E60. The effect of
spray angle results change in grain structure and
dissimilar grain growth. The E90 sample shows
hexagonal grain with avg. grain size of ~ 150 nm
and E60 shows elongated grain with avg. grain
size of ~ 300 nm. The E90 showed dense grain
structure with few defects whereas the E60
showed distributed grain structure with more
defects present resulting in more shadow region.
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molten particle in inclined direction. This could
lead in uneven coating surface produced resulting
change in coating microstructure. The low particle
velocity and peening at longer side showed
generation of low compressive residual stresses. In
90°, the spray coverage is small whereas 60° refers
to large coverage area resulting in spray spot
elongation in the direction of spray angle. The
decrease in spray angle leads to generate a broader
spray spot in the direction of spray gun tilt. A
similar feature was observed by Montavon et al.
[33], with a decrease in spray angle leading to
generating a broader spot. The 60° spray angle
distributes droplets to more space which results
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less recombination leading to high atomization,
whereas 90° will distribute more evenly due to less
spread out chances and forms high concentration
spot. These phenomenon develops porosity
affecting the hardness and roughness. The increase
in porous structure results in more surface
irregularities, which cause a decrease in hardness
[17-20]. Based on the literature, it can be relatable
that the increase in porous structure in the coating
would lead to a decrease in hardness and an
increase in surface irregularities. In APS, the molten
particles are in large size compared to EB-PVD
process, as it uses plasma source to heat and melt
the feedstock whereas, the electron beam is used in
EB-PVD to melt the particles. The 90° spray angle
results in more deposition onto the vertical
substrate which can reduce the porous structure
resulting in low shadow region. The more porous
structure showing high shadow region results in
lower value of coating hardness and poor surface
finish. Kadam et al. [27] also found a similar coating
structure with varying spray angle parameters,
resulting in more porosity and a high shadow
region. The EB-PVD coated E90 and E60 samples

SYSZ
Arpgine,

= TNl . o
(Bond Coat)

Inconel 718
(Substrate)

NiCrALY
T (Bomd L'ol.ﬂ

Inconel 718
{(Substrate)

show more uniform surface with fine and dense
grain growth compared to APS enabled A90 and
A60 samples. Also, the presence of defects in E90
and E60 were less compared to A90 and A60. The
more amounts of horizontal cracks were visible in
APS deposited coating which could result in early
failure to spallation. Also, Kadam et al. [42] found
that horizontal and vertical cracks were generated
during coating deposition with the plasma spray
process. The high flattering was observed in E90
and E60 with uniform grain distribution. The EB-
PVD process showed the smaller grain structure in
terms of size and shape compared to APS process
which results in dense grain growth behavior. The
EB-PVD results in low shadow region contributing
to low porosity compared to large shadow region
observed in A90 and A60.

3.2 Cross-sectional morphology of 8YSZ TBCs
Figure 6 shows the comparison of cross-

sectional structure of APS deposited TBCs with
two different spray angle.
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Fig. 6. APS Cross-sectional microstructure with changed spray angle of (a) 90°, (b) magnified 90°, (c) 60° and (d)

magnified 60° [43].
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All three layers of TBC system are identified
namely Inconel 718 substrate, NiCrAlY bond
coat, and 8YSZ topcoat. Both the cross-section
consists of melted and partially melted region
with few defects such as pores, inter-crack and
intra-cracks. The topcoat showed the individual
splats which can be clearly identified revealing
the unique characteristics of APS process. Most
of the splat present in the coating is visible as
the single splats. The continuous deposition of
molten particles leads to overlapped splats
creating the multiple coating layers. In 90° spray
angle, the splats are parallel to the substrate
surface whereas the 60° angle showed parallel
splats with few inclined to substrate. In inclined
spray angle, the width and length of splats were
more with splats inclination towards the spray
angle direction. The vertical grain growth shows
the strong bond over two splats. Both spray
angle showed inter-splats and intra-splats

Incpnel 718
(Sphstrate)

cracks formed in the splat layer structure.
During deposition, the lack of complete overlap
of adjacent splat and gas entrapment results in
the generation of inter-splat crack. Whereas the
intra-splat cracks are formed due to shrinkage
and solidification of splats.

Figure 7 shows the comparison of cross-
sectional structure of EB-PVD deposited top coat
TBC with two different spray angle. All three
layers of TBC system are identified namely
Inconel 718 substrate, NiCrAlY bond coat, and
8YSZ topcoat. Both the spray angle condition
showed the presence of fully melted and
partially melted particles with defects such as
pores and voids. From figure 7, it is clear that the
EB-PVD top coat thickness is small compared to
APS process. Therefore, the high magnification
images were captured on the topmost part of the
coating structure.

Perpendicular direction (90%)

|

¥\ intra-columner
sap

columner
structure

pores

m|)v‘a)' angle dircction (60°) Perpefitlionlar direction (90°)

i
-~

colwnner.
srrl:%-rurc\

% »
_.intga-columnegp

. i o gap.~

pores

Fig. 7. EB-PVD Cross-sectional microstructure with changed spray angle of (a) 90°, (b) magnified 90°, (c) 60° and

(d) magnified 60° [43].

The coating structure showed the individual
columns which clearly identifies the unique
characteristics of EB-PVD process. Both spray angle
condition showed the formation and presence of

columnar grain structure which is visible as the
single columnar grains. Due to the continuous
deposition, the overlapping of columnar grain
creates the misalignment which leads to formation
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of pores and voids in the coating structure. The
change in spray angle affects the grain growth
behavior and distortion in the coating structure.
The 90° spray angle samples shows closely packed
dense columnar grain growth whereas the inclined
60° spray angle shows distributed columnar grains.
In normal samples, the vertical growth of columnar
grains were visible, whereas the inclined columnar
grain growth behavior is observed in inclined spray
angle. From surface microstructural study, it is
found that the inclined spray angle leads to
elongation in grain structure. This can be verified
with cross-sectional structure which shows the
inclination in columnar grains. The normal spray
angle samples showed the large width columnar
grain whereas the inclined showed the columnar
grains with more length. The defects such as pores
were more visible with more intra-columnar gaps
in inclined than normal spray angle. The large of
pores and voids can create the high shadow region
leading to affect the coating roughness and
hardness. Considering the top surface of columnar
grain structure, the surface of normal samples were
more uniform than inclined samples which showed
the more variation in columnar heights. Therefore,
the normal spray angle could result in better
surface uniformity than inclined spray angle.
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3.3 Porosity distribution

The presence of porous structure were
measured based on defects like pores and crack
produced during the deposition mechanism. The
image analysis was performed to find the porous
structure including cracks, surface irregularities
and grain structures. Figure 8 and Figure 9
shows the SEM images used for porosity analysis
and images generated using Image] by single
channel RGB greyscale representing porosity
and surface irregularities in black and coating in
white. Out of all, E90 represents low amount of
porosity as the coating is almost uniformly
deposited with fine and dense grain structure.
Whereas, the A60 showed the high porosity level
due to the non-uniform surface and distributed
grain structure. The A90 and E60 results in
almost similar porosity level in the TBCs. The
E90 results in low shadow region followed by
E60 and A90 with further increase in shadow
region for A60 condition. The low shadow region
in the coating generated low amount of porosity
and inverse leads to high porosity. The shape of
the pores obtained in A60 results in more
irregular shape compared to other samples.
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Fig. 8. SEM images used for porosity analy51s of (a) APS 90°, (b) APS 60°, (c) EB-PVD 90°, and (d) EB-PVD 60° samples.
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Fig. 9. Representation of porous structure showing in black and coating in white for (a) APS 90°, (b) APS 60°, (c)

EB-PVD 90°, and (d) EB-PVD 60° samples.

Table 2 shows the porosity level in the APS and
EB-PVD with change in spray angle. As the spray
angle and process is changed, around 63.5%
increase in the porosity level for A60 was
observed compared to E90. Similarly, around
27.2% and 21% increase in the porosity level for
E60 and A90 compared to E90. The spray angle
leads to change in pores present in coating
structure. The coating porosity is increased with
decreased in the spray angle condition [27].

Table 2. Porosity level for APS and EB-PVD with
spray angle.

Sample | Deposition | Spray | Porosity | Avg. porosity
no. process | angle (°) (%) (%)

21.84
A90 APS 90 21.39 21.93
22.56

29.53
A 60 APS 60 30.21 29.63
29.14

17.11
E90 EB-PVD 90 19.26 18.12
17.98

22.78
E 60 EB-PVD 60 23.56 23.05
22.81

3.4 Residual stress analysis

Figure 10 shows spectrum and band peak
obtained for EB-PVD with 90°. The
measurement of Raman spectra were in the
range of 100 to 800 cm-l It also shows the
Raman band peaks for tetragonal and
monoclinic phase of 8YSZ at 147, 255, 315,
466, and 637 cm-L. To find the residual stress
generated, the Raman peak obtained near 640
cm! is used as it results to better ratio for
signal-to-noise. The low porosity results in
large residual stresses induced in the coating
structure. For all the APS and EB-PVD enabled
8YSZ TBCs the compressive stresses were
obtained. Table 3 represents the Raman
modes, and avg. shift of peak with generation
of residual stresses developed into the coating
with APS and EB-PVD deposition mechanism
and spray angle. From Table 3 it showed that
the sample with low porosity results in high
value of compressive residual stress than
medium and high level of porosity. A similar
study was conducted by Kadam [40,42], and
they found that the high porous structure
results in lower residual stresses than the low
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porous structure. Also, Teixeira et al. [28] and
Portinha [30] investigated the effect of porous
on residual stresses and found that high
porosity would lead to low residual stresses in
the coating. Compared with the above work, it
was found that the high porous structure also
generates low residual stresses in the coating.
To find the developed residual stresses, the
Raman peak were recorded during the thermal
loading and the shift difference were
calculated which shows the linear relationship
between applied stress and shift
corresponding to 220MPa of residual stress
for each cm-! shift [28]. The avg. Raman shift
for E90 i.e. with low porosity is 1.86 cm-1, for
the medium porosity i.e. A90 and E60 is 1.33
cm'! and 1.53 cm! respectively, and for high
level of porosity is 0.93 cm-1.

Table 3. Generation of residual stresses and its avg. shift.

1500 T T T T T T T T
t : Tetragonal 2

e 2 1[636.6 cm :
!

t 637.1 cm’

(a)

b
100}

638.4 cm™

'l

(c)

Raman Intensity (a.u.)

500 - 4
639.9 cm”

o
(d) M

0 1 1 1 1 1 1 1 L
0 100 200 300 400 500 600 700 800

Raman Shift (cm™)

Fig. 10. Raman spectrum of sample E90 (a) EB-
coated, (b) 5%, (c) 10t and (d) 15t cycle.

Sample no. | Sample state | Raman modes (cm1) | Difference (cm'l) | Avg. shift (cm'l) | Residual stress, c (MPa)
as-coated 636.8 - -
5th 637.1 0.3 -66
A90 10th 638 1.2 133 -264
15th 639.3 2.5 -550
as-coated 636.5 - -
5th 636.7 0.2 -44
A 60 10th 637.4 0.9 093 -198
15th 638.2 1.7 -374
EB-coated 636.6 - -
5Sth 637.1 0.5 -110
E90 10th 638.4 1.8 186 -396
15th 639.9 3.3 -726
EB-coated 636.5 - -
5th 636.8 0.3 -66
E60 10th 638 1.5 153 -330
15th 639.3 2.8 -616

3.5 Hardness analysis

Table 4 shows the hardness of APS and EB-PVD
with change in spray angle. The E90 shows the
high hardness value followed by A90, E60, and
A60 condition. The E90 showed better surface in
terms of uniformity, dense grain distribution
resulting in low shadow region and porous
contributing to high hardness. Whereas, as the
spray angle is decreased, the defects are formed on
large scale into the coating resulting decrease in
hardness. Similar drop in hardness value was
observed for APS deposition mechanism with
spray angle change. From microstructural study, it
was found that the high flattering of surface is
generated due to better flow of molten particles,
whereas low flattering was resulted due to
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presence of partially melted particles. For 90°,
around 6% and 7% increase in the hardness value
was observed for E90 and A90 conditions for both
APS and EB-PVD process compared with 60°
condition. Similarly, around 2% change in the
hardness was observed for E90 compared to A90,
and 3% when compared with E60 to A60. Also, the
hardness and roughness relationship with wear
and friction was found, which showed the
importance of coating over the substrate material
[44-45]. It was observed that the higher value of
coating hardness results in a lower wear rate.
Based on the relationship, it was found that the 90°
spray angle results in higher hardness and 60°
results in lower hardness for APS and EB-PVD
processes. Therefore, the APS and EB-PVD with a
90° spray angle would show a lower wear rate
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than a 60° spray angle. Microstructural and
hardness analysis found that changing the spray
angle and using different deposition processes
would change microstructural characterization
[27,40].

Table 4. Representation of hardness for APS and EB-
PVD deposition mechanism with spray angle.

Sample | Deposition
no. process

Spray |Hardness| Avg. hardness
angle (°) | (HV) (HV)

825.2
819.7
A90 APS 90 868.5 842.6
856.1
843.6

796.5
783.2
A60 APS 60 785.9 787.6
791.4
780.9

849.7
861.4
E90 EB-PVD 90 853.6 858.2
860.9
865.3

810.9
805.6
E 60 EB-PVD 60 815.4 812.3
811.1
818.5

3.6 Roughness analysis

Table 5 represents roughness analysis for APS
and EB-PVD deposition with spray angle. The
surface roughness was obtained by traversing the
profile across the surface at six different location
and direction on each sample. The coating
consists of molten particles with few unmelted,
network of cracks, and presence of pores which
can affect the roughness of the coating leading to
non-uniform wear and irregular temperature
drop across the structure. Also, the defects
generate the rough surface leading to poor
performance and early spallation in the coating.
Therefore, to identify the uniformity over the
surface, the roughness value is found. From Table
5, E90 showed the lowest value of the surface
roughness amongst all, followed by E60, A90, and
A60 condition. As E90 generates better surface
uniformity leading to low porous structure
resulting in smooth surface compared to other
samples. Therefore, it can be seen that the APS
results in rough surface generation compared to
EB-PVD irrespective of change in spray angle. The

deposition rate for APS is high compared to EB-
PVD which results in large presence of unmelted
particles and defects leading to rough surface.
Also, the surface's roughness contributes to the
material's wear and friction properties. Even the
smaller value of roughness leads to a smaller
coefficient of friction, resulting in low wear of the
coating material over the surface [45-48]. From
microstructural and roughness analysis, it was
found that the change in spray angle and
deposition affects the coating properties. The
similar study was conducted by Kadam et al.
[27,40] and it was found that the change in spray
angle would result in coating properties like
roughness and hardness. Based on the
relationship, it was found that the EB-PVD
process showed better surface roughness, which
would result in a low coefficient of friction,
leading to a lower wear rate of the coating
material over the substrate. Similarly, APS-coated
samples would result in a high wear rate
compared to EB-PVD due to the high value of
surface roughness contributing to high friction.
Compared with both deposition processes, the
90° spray angle would increase the lifespan of the
coating as the surface roughness value is smaller
than the 60° spray angle, which contributes to a
lower coefficient of friction, resulting in a low
wear rate.

Table 5. Representation of roughness for APS and
EB-PVD deposition mechanism with spray angle.

Sample | Deposition
no. process

Spray
angle (°)

Avg.Ra

Ra(um) | (um)

9.516
9.129
8.924
A90 APS 90 9.425 9.327
9.158

9.815

9.641
10.812
10.597

9.973
10.157

9.691

A 60 APS 60 10.145

8.874
8.815
9.274
E90 EB-PVD 90 8505 8.792
8.44

8.843

8.758
9.129
9.637
E 60 EB-PVD 60 8.969 9.126
9.416

9.118
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4. CONCLUSION

In this work, the APS and EB-PVD deposition
mechanism for 8YSZ TBCs were studied and
summarized from the microstructural and
mechanical perspectives. Several conclusions
were drawn from this study.

1.

The

In APS, the primitives are formed in the shape
of splat layer structure whereas the EB-PVD
formed columnar structures.

. The change in spray angle from 90° to 60°

showed the inclined splat and columnar
structure with elongation in grains.

The EB-PVD process result in fine grain
structure with grain size in the range of 150
to 300nm, whereas APS showed in the range
0f 400 to 800nm.

. The EB-PVD samples showed fine grains

with densely distributed resulting in
generation of low shadow region
contributing to low amount of porosity
compared to APS.

. In EB-PVD deposition, the high amount of

compressive  residual  stresses  was
generated when subjected to thermal
loading compared to APS method. The avg.
Raman shift for E90 i.e. low porosity - 1.86
cm-!, medium porosity i.e. A90 and E60 is
1.33 cm! and 1.53 cm! respectively, and
for high level porosity is 0.93 cm-1.

. For 90° spray angle, around 6% and 7%

increase in the hardness value was
observed for E90 and A90 for both APS and
EB-PVD process compared with 60°.
Similarly, around 2% change in the
hardness was observed for E90 compared
to A90, and 3% when compared with E60 to
A60. The E90 showed the uniform surface
roughness followed by E60, A90, and A60
samples.
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