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 A B S T R A C T 

The plasma sprayed 8YSZ TBC is applied on a Ti-6Al-4V substrate with a 
NiCrAlY bond coat. The effect of spray angle on the coating microstructural, 
residual stresses, and mechanical properties is studied in the paper. The surface 
and cross-sectional coating structure were analyzed by scanning electron 
microscopy and elemental composition with energy-dispersive x-ray 
spectroscopy. The SEM image greyscale threshold determined the porosity level 
in the structure. The residual stresses and thermal conductivity were measured 
by Raman spectroscopy and laser flash technique. The mechanical property, 
such as hardness and surface roughness was determined using the indentation 
and surf test profilometer. The result showed that the spray angle affects the 
coating structure - grain size, shape and distribution, and mechanical 
properties. The P90 TBC showed a uniform and dense structure with avg. grain 
size of  ֗ 850nm, whereas P60 showed a non-uniform structure with avg. grain 
size of  ֗ 300nm. The 60Ќ inclined spray angle leads to more defects such as 
cracks and pores than the 90Ќ normal spray angle. In both surface and cross-
sectional structures, the porosity level increases with a decrease in the spray 
angle conditions. The P90 TBC results in high compressive residual stresses than 
the P60 structured TBC. The avg. Raman shifts for P90 and P60 TBCs are 
1.5667ϿυȢτφφcm-1 and 1.3ϿτȢύϋχcm-1, respectively. The thermal conductivity 
decreases with increased porosity and low spray angle. The P90 showed better 
hardness and uniform surface than P60 TBC.  

΄ 2021 Published by Faculty of Engineering  

* Corresponding author:  

Nikhil Kadam  
E-mail:  
p20150410@goa.bits-pilani.ac.in  

Received: 23 May 2021 
Revised: 29 June 2021 
Accepted: 22 July 2021 

 
 
1. INTRODUCTION  
 
Thermal Barrier Coatings (TBCs) development 
started in the 1950s for defense engines [1] . Later 
the TBCs were adopted in commercial services such 
as X-15 manned rocket exhaust nozzle, gas turbine, 
and aero engines [2-3]. The TBC consists of a 

multilayer structure with a superalloy substrate, 
metallic bond coat, and ceramic topcoat. Figure 1 
shows the TBC structure with different layered 
materials, its function with coating thickness. The 
metallic bond coat consists of MCrAlY (M-Ni/Co), 
providing an irregular surface to improve adhesion 
between the substrate and ceramic topcoat. It also 
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provides oxidation and corrosion protection with a 
reduction in the coefficient of thermal expansion. At 
high temperatures, the bond coat leads to thermally 
grown oxides acting as an oxidation barrier to the 
substrate. The ceramic topcoat provides thermal 
insulation protecting against high temperature 
forming the thermal barrier coating [4-5].  
 

 

Fig. 1. Multilayer TBC structure [6] . 

 
Generally, the TBC is deposited by atmospheric 
plasma spray and electron beam physical vapour 
deposition. The coating deposition processes have 
various spraying parameters that influence the 
coating structure, properties, and quality. The few 
plasma spraying parameters such as spray angle, 
spray distance, substrate rotation, substrate 
temperature, powder feed rate, and carrier gas flow 
rate can be controlled to obtain a better TBC 
structure. Among the above spray parameters, the 
spray angle variation was considered for the 
comparative study. As a thumb rule, the normal 
spray angle is in the line of sight, i.e., perpendicular 
to the substrate to be coated. The deviation could 
result in compromising the coating properties. 
Generally, the spray angle for the low-velocity 
ÐÒÏÃÅÓÓ ÍÕÓÔ ÂÅ ×ÉÔÈÉÎ ϻρυЈ ÏÆ ÎÏÒÍÁÌȟ ÁÎÄ ÈÉÇÈ-
ÖÅÌÏÃÉÔÙ ×ÉÔÈÉÎ ϻτυЈ [7] . Therefore, the high-
velocity plasma spray can be considered ωπЈ ÁÓ 
ÎÏÒÍÁÌ ÓÐÒÁÙ ÁÎÇÌÅ ÁÎÄ φπЈ ÁÓ ÔÈÅ ÍÉÄÄÌÅ ÌÅvel of 
tolerance from normal angles as lower spray angle 
could result in larger elongation with more wastage 
feedstock material [8] . It also leads to the porous 
structure, resulting in low hardness and a youngȭÓ 
modulus increase in coating defects [9] .  
 
Ling et al. [10]  investigated and found the dense 
coating structure with high hardness with short 
spray distance. Mantry et al. [11]  and Kumar and 
Pandey [12]  studied the different spraying 
parameters that affect the coating structure in 
roughness, thickness, and hardness. Morks et al. [13]  
and John et al. [14]  investigated and found the 
influence of spraying parameter and multilayer 

process, controlling the coating porosity with 
improvement in hardness value. Also, the rare earth 
addition and surface re-melting could lead to 
improvement in surface properties. Izadinia et al. 
[15]  found the effect of the spraying parameter onto 
the conventional splat layer structure. The improved 
hardness and porosity can be controlled with few 
segmented cracks in the coating structure. Nayak et 
al. [16]  studied the effect of coating thickness on 
plasma sprayed TBC and found improvement in the 
bond strength with the low value of the coating 
thickness. Wang et al. [17] , Zhu and Ma [18] , and 
Ekberg et al. [19]  investigated and found that the 
feedstock, its spray parameters, and heat treatment 
could affect the coating structure and properties 
resulting in improvement. Zang et al. [20] and Ganvir 
et al. [21] found that the coating with a porous 
structure can decrease thermal conductivity. 
Teixeira et al. [22], Scrivani et al. [23] and Portinha et 
al. [24] investigated the TBC during thermal cycle to 
find the residual stresses developed. They found that 
as the substrate temperature was increased, the 
tensile stresses were change to compressive stresses 
resulting in the generation of considerable residual 
stress. Also, the increase in coating porosity could 
result in decreased value of residual stress. Based on 
the literature surveyed, it was clear that the spray 
parameters affect the coating structure, thermal and 
mechanical properties. Therefore, the variation in 
spray angle parameter was considered to find the 
effect on the coating structure, thermal and 
mechanical properties.  
 
In the present work, the plasma sprayed 8YSZ TBCs 
were deposited onto the Ti-6Al-4V substrate with 
NiCrAlY bond coat. The effect of spray angle was 
studied to find the influence on the coating 
microstructure, porosity, residual stresses, and 
mechanical properties. First, the surface and cross-
sectional coating structure were examined by 
scanning electron microscopy (SEM) and elemental 
composition wit h energy-dispersive x-ray 
spectroscopy (EDS). Then, the porosity level in the 
structure was determined using the SEM image 
analysis-grey scale threshold. Next, the thermal 
residual stresses and thermal conductivity were 
measured using Raman spectroscopy and laser 
flash technique. Finally, the mechanical property  
such as hardness and surface roughness was 
measured using indentation and surf test 
profilometer . Based on the experimental analysis, a 
discussion was made with the effect of spray angle 
on the microstructural characterization, residual 
stress, and mechanical properties.   
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2. EXPERIMENTATION  
 
2.1 Substrate preparation  
 
The titanium grade 5 alloy Ti-6Al-4V was procured 
in thin sheets with a thickness of 3 mm and was 
sectioned into the square-ÓÈÁÐÅÄ ςπϼςπ ÍÍ 
dimension. The single sheet was used to prepare 
the substrate to ensure the minimal composition 
variation among the substrate. The chemical 
composition of Ti-6Al-4V by wt. %: Al-5.7%, V-
4.1%, Fe-0.2%, H-0.13%, O-0.1%, N-0.04%, Y-
0.05%, Ti-bal was determined using spectroscopy 
analysis [25]. Before deposition, the substrate 
surface was grit blasted with alumina abrasive 
particle ÓÉÚÅ ρςπАÍ ÁÎÄ a flow rate of 2kg/min. The 
grit blasting pressure was varied from 2 to 3bar 
with an increment of 0.5bar at the stand-off 
distance of 100mm with a τυЈ ÓÐÒÁÙ ÁÎÇÌÅ [26-27]. 
Grit blasting aims to create adequate surface 
roughness to ensure better mechanical interlock 
and bonding between substrate and coating layer. 
After grit blasting, the substrate was cleaned with 
acetone and water using the ultrasonic technique 
for 30 min. and dried.  
 
2.2 Coating material, deposition process , and 

its spray parameters  
 

The NiCrAlY (Type: AMDRY 962) and 8 wt. % yttria -
stabilized zirconia (Type: 204B-NS) feedstock 
manufactured by Sulzer Metco Inc. USA were used 
to deposit metallic bond coat and ceramic topcoat 
onto the Ti-6Al-4V substrate. The plasma sprayed 
process was used to deposit bond coat and top coat 
TBC with the variation of spray angle condition. The 
NiCrAlY bond coat was deposited considering 
standard spray parameters for both the samples, 
whereas 8YSZ were deposited with the variation of 
spray angle, i.e., ωπЈ ÁÎÄ φπЈȢ 4ÈÅ ÃÏÁÔÉÎÇ ÔÈÉÃËÎÅÓÓ 
for the .É#Ò!Ì9 ÂÏÎÄ ÃÏÁÔ ÉÓ ϻ ρππАÍ, whereas the 
ψ93: 4"#Ó ×ÅÒÅ ÏÆ ϻ σππАÍȢ The spraying 
parameters used to deposit TBCs are listed in Table 
1. Figure 2 shows the plasma spray system 9MBM 
machine mount (Make: Sulzer Metco AG, 
Switzerland) with 40KW capacity and 6mm 
internal nozzle diameter. The plasma spray system 
is available at Spraymet Surface Technologies Pvt. 
Ltd., Bangalore, Karnataka, India.  
 
The spray angle means the angle between the 
plasma gun and substrate material. The substrate 
is fixed, whereas the plasma gun is inclined as per 
ÔÈÅ ÒÅÑÕÉÒÅÍÅÎÔȢ !Ô Á ωπЈ ÓÐÒÁÙ ÁÎÇÌÅȟ ÔÈÅ ÐÌÁÓÍÁ 

gun and substrate were perpendicular, whereas 
the plasma gun ×ÁÓ ÔÉÌÔÅÄ ÁÔ Á φπЈ ÓÐÒÁÙ ÁÎÇÌÅȢ )Î 
both cases, the spray distance was maintained 
ÃÏÎÓÔÁÎÔ ÔÏ ÔÈÅ ÓÕÂÓÔÒÁÔÅ ÃÅÎÔÅÒ ÐÏÉÎÔȢ !Ô ωπЈȟ ÔÈÅ 
whole upper surface had constant spray distance 
×ÈÅÒÅÁÓȟ ÁÔ φπЈȟ ÔÈÅ ÓÕÂÓÔÒÁÔÅ ÃÅÎÔÅÒ ÍÁÄÅ ÔÈÅ 
constant distance, with the left side upper and 
right lower than the center point positioned. 
Figure 3 shows the spray angle variation and 
spray angle direction. Figure 4 shows the plasma 
sprayed deposited 8YSZ TBCs with the variation 
of spray angle condition.  

 

 

Fig. 2. APS system and accessories (Courtesy: 
Spraymet Surface Technologies Pvt. Ltd., Bangalore, 
Karnataka, India). 

 
Table 1. Spray parameter to deposit plasma sprayed 
8YSZ TBCs [6,26]. 

Process Parameter  
Bond 
coat 

Topcoat  

Feedstock NiCrAlY 8YSZ 

Current (A) 400 500 

Volatge (KV) 60 65 

Primary gas flow rate ɀ Ar (slpm) 100 80 

Secondary gas flow rate ɀ He (slpm) 5 15 

Primary gas pressure ɀ Ar (MPa) 0.69 

Secondary gas pressure ɀ He (MPa) 0.35 

Powder feed rate (gm/min) 100 30 

Particle velocity (m/sec) Ѕ τυπ 

Substrate rotation Stationary 

Spray distance (mm) 88.9 63.5 

3ÐÒÁÙ ÁÎÇÌÅ ɉЈɊ 90 60-90 
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Fig. 3. Schematic diagram of spray angle variation and 
spray angle direction. 
 

 

Fig. 4. Atmospheric plasma spray enabled 8YSZ TBCs 
with spray angles ɉÁɊ ωπЈ ÁÎÄ ɉÂɊ φπЈȢ 

 

2.3 Characterization  
 
The elemental spectrum, phase composition, and 
microstructure examination of feedstock and 
coating microstructur e were examined using SEM 
(Quanta FEG 250, Hillsboro, USA) with  EDS. The 
surface and cross-sectional structure were 
examined with the variation of spray angle 
parameters. The electron beam was focused onto 
the feedstock and TBC with low accelerating 
voltage. The microstructural examination was 
observed to identify the surface characterization in 
terms of particle size, shape and distribution, the 
flow of particles, flattering of particles, and 
presence of defects through SEM. In addition, the 
EDS unit attached to SEM was used to identify the 
phase composition of the feedstock. As both the 
feedstock were non-conductive, the 
gold/palladium (Au/Pd) coating was applied using 
magnetron sputtering (Leica EM ACE200, 
Germany) to avoid charging with thermal damage 
reduction for improvement topographic imaging.  
 
The porosity level in the coating structure was 
determined using SEM images with the greyscale 

threshold technique [25-26,28-30]. The 
microstructure images obtained through SEM 
were cleaned with an RGB setting using ImageJ 
software. The scanned and cleaned coating 
structure images highlight the pores, cracks, and 
surface irregularities in the black portion and 
grain structure in the white portion . The total and 
porous areas were measured and repeated at 
different locations with an equal amount of 
accurate and precise analysis.  
 
The residual stresses were determined by a Raman 
spectrometer (Lab Ram spectrometer, HORIBA 
Jobin Yvon, France) during thermal loading. The 
argon-ion laser with ʇЀυσςnm wavelength and 
5mW power was used as an excitation source. The 
dense surface coating structure was found and 
focused on ÔÈÒÏÕÇÈ Á υπϼ ÏÂÊÅÃÔÉÖÅȢ The thermal 
loading cycle consists of heating, dwell, and cooling. 
During the heating cycle, the TBC was heated at 
υππЈ# for 10 mins. followed by a dwell of 10 mins 
and cooled at room temperature with a cooling rate 
of 50Ј#ȾÍÉÎ. In total, 15 thermal cycles were 
repeated, and the spectra after every five thermal 
cycles were recorded to find the relative amount of 
various phases. 
 
The thermal conductivity (k) was measured by 
laser flash technique (Discovery laser flash DLF 
1200, India). The thermal conductivity was made 
according to the procedure prescribed in ASTM 
E1461-11 [31] . One side of the TBC sample was 
heated using a short-duration laser pulse, and the 
infrared detector measured the other side's 
temperature. The thermal conductivity was 
measured up ÔÏ ρπππЈ# ×ÉÔÈ aÎ ÉÎÔÅÒÖÁÌ ÏÆ ςππЈ#Ȣ 
At every ςππЈ# ÉÎÔÅÒÖÁÌȟ ÔÈÅ 4"# ÓÁÍÐÌÅ ×as 
heated for the duration of 2 hrs. The thermal 
conductivity was measured by formula (1):  

Ë Є ɻ#pʍ   (1) 

where k - ÔÈÅÒÍÁÌ ÃÏÎÄÕÃÔÉÖÉÔÙȟ ɻ ɀ thermal 
diffusivity, Cp ɀ specific heat, and ʍ ɀ coating density.  
 
The coating hardness (Pa) was determined by 
quad shaped pyramid diamond indenter 
(Matsuzawa VMT-7, Japan) through a 40ϼ 
objective. The 5kgf load with a dwell period of 
10sec was applied. The hardness measurement 
was made according to the procedure prescribed 
in ASTM E92-82 [32] and ASTM E384-17 [33]. 
The hardness values obtained on each sample 
were recorded five times ɀ one on the center and 
four on each corner.  

https://www.sciencedirect.com/topics/engineering/spectrometer
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The surface roughness (Ra) was measured by a surf 
test profilometer (Mitutoyo SJ 410, Japan) with a 
cut-off length of 8mm, probe trace speed of 
0.5mm/sec, and measurement length of 16mm. 
The arithmetic mean roughness values obtained 
on each sample were scanned and recorded six 
times ɀ three on X-direction and three on Y-
direction with equal interval.  
 
All the microstructural images and Raman spectrum 
were captured in the controlled temperature and 
mechanical properties at room temperature. 

3. RESULT AND DISCUSSION  
 
3.1 Surface morphology of feedstock  
 
Figure 5 (a) and Figure 5 (b) show the 
feedstock morphology of NiCrAlY and 8YSZ. 
The magnified microstructure of NiCrAlY 
feedstock shows the solid spherical 
morphology with particle  size ranging from 10 
ÔÏ ρππАÍ, and 8YSZ feedstock shows hollow 
spherical morphology with particle sizes 
ÒÁÎÇÉÎÇ ÆÒÏÍ υ ÔÏ φπАÍȢ  

 
 

 

Fig. 5. Microstructure of (a) NiCrAlY and (b) 8YSZ feedstock [25] . 
 
 

3.2 Phase composition and elemental 
spectrum of feedstock  

 
The elemental composition of the metallic bond 
coat and ceramic topcoat was determined by 
energy-dispersive x-ray spectroscopy (EDS) 
attached to the SEM facility. Figure 6 shows the 
elemental spectrum and phase composition by 
wt. % for NiCrAlY and 8YSZ feedstock for area 
1 and area 2 (refer to Figure 5), respectively. 
The uniform presence of elemental 
composition was found throughout the 
feedstock. The uniformity in the feedstock 
elements and phase composition can result in 

similar composition even after coating 
deposition. This helps to identify the impurity 
and presence of other elements, resulting in 
producing defects in the coating. From Figure 6, 
it was seen that the NiCrAlY feedstock results in 
a high amount of nickel, chromium, and 
aluminum with a small amount of carbon, 
oxygen, and yttrium  by wt. %. The 8YSZ 
feedstock shows a high amount of zirconium, 
oxygen, and yttrium by wt. %. The presence of 
Au/Pd was not detected in the EDS spectrum as 
the amount of Au/Pd sputtering applied onto 
the feedstock was very minimal, with a coating 
thickness of ϻ5nm.  

 

 

Fig. 6. EDS spectrum of feedstock (a) NiCrAlY (area 1) and (b) 8YSZ (area 2) as shown in Fig. 5 [25] . 
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3.3 Surface morphology of NiCrAlY  
 
The surface microstructure of NiCrAlY was 
examined and analyzed in terms of surface 
uniformity  and particle distribution. Both the 
bond coat samples were deposited in a single set 
of spraying conditions to have an almost similar 
coating structure with minimal difference. Figure 
7 showed NiCrAlY bond coat structure and its 
magnified view for microstructural examination. 
Figure 7 (a) clearly showed that the coating 

structure was not uniform, and the presence of 
unmelted and partially melted particles was 
observed. Some amount of flattering were seen 
with few defects present in the structure. 
However, the presence of defects such as pores 
and cracks were visible. Figure 7 (b) shows the 
magnified view of the structure to identify the 
shape of the pores, i.e., circular and irregular. 
Also, it sees the uniformity of the surface. The 
more the rough surface, the better adhesion 
between the ceramic coatings.  

 

 
Fig. 7. (a) Surface microstructure of NiCrAlY bond coat by APS and (b) magnified view of area 1. 

 
3.4 Surface morphology of 8YSZ TBCs 
 
The surface microstructure of 8YSZ TBCs was 
examined with the variation of spray angle 
conditions. The microstructural characteristics 
were analyzed in terms of surface uniformity, grain 
structure, grain size, shape, and distribution with 
features such as melted particles, unmelted 
particles, flattering of particles, and defects such as 
the network of cracks, pores, and voids. Both the 
samples were coated with NiCrAlY with similar 
spraying parameters using plasma spray in a single 
set with an equal number of spray passes. The spray 
ÁÎÇÌÅ ÖÁÒÉÁÔÉÏÎȟ ÉȢÅȢȟ ωπЈ ÁÎÄ φπЈ, was used to deposit 
8YSZ TBCs. 4ÈÅ ÎÏÔÁÔÉÏÎ ÕÓÅÄ ÆÏÒ ωπЈ ÁÎÄ φπЈ ÓÐÒÁÙ 
angles were P90 and P60, respectively.  
 
Figure 8 (a) and Figure 8 (b) show the plasma 
sprayed 8YSZ TBCs with a ωπЈ ÓÐÒÁÙ angle with a 
magnified structure. The magnified P90 TBC 
structure showed a uniform  and dense structure. 
The P90 TBC shows the grain structure with few 
unmelted particles and a network of cracks. The 
segmented cracks are visible, leading to crack 
branching. As the melted particles solidify 
quickly, which results in crack formation.  

In both spraying conditions, pores and cracks are 
observed with different sizes, shapes, and 
distributions. The spray parameters can change 
the coating microstructure, resulting in different 
grain structure growth and defects [34] . The splat 
morphology, i.e., the splat elongation, is increased 
when the spray angle is decreased [8] . 
 
Figure 9 (a) and Figure 9 (b) show the plasma 
ÓÐÒÁÙÅÄ ψ93: 4"#Ó ×ÉÔÈ Á φπЈ ÓÐÒÁÙ ÁÎÇÌÅ and 
magnified view. As the inclined spray angle was 
considered, the P60 results in more splashing of 
molten particles onto the coating surface. This 
phenomenon results in more non-uniform 
surfaces with more defects. The magnified P60 
TBC showed large crack width with a high crack 
angle, whereas the magnified P90 TBC showed 
small crack width with a small crack angle. 
Hexagonal structure grain boundaries with inter-
crystalline space and equiaxed are observed in 
both spray angle conditions. The grain growth in 
P90 TBC was almost similar, whereas, in P60 TBC, 
the elongation in grain shape was observed in the 
spray angle direction. Considering the grain size, 
the P90 showed the average grain size of  ֓ 850nm, 
and P60 showed  ֓300nm. The coating area 
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exposed to pores, voids, and cracks leads to fast 
cooling resulting in a change in grain boundary 
structure leading to the brittle fracture. The spray 
angle parameter affects the coating 

microstructure in terms of the molten flow of 
particles, presence of defects such as cracks and 
pores. It also affects the grain structure in terms 
of grain size, shape, and distribution. 

 

 

Fig. 8. ɉÁɊ 3ÕÒÆÁÃÅ ÍÉÃÒÏÓÔÒÕÃÔÕÒÅ ÏÆ ψ93: 4"#Ó ×ÉÔÈ ωπЈ ÓÐÒÁÙ ÁÎÇÌÅ ÁÎÄ (b) magnified view of area P90. 

  

 

Fig. 9. (a) Surface microstructure of ψ93: 4"#Ó ×ÉÔÈ φπЈ ÓÐÒÁÙ ÁÎÇÌÅ ÁÎÄ ɉÂɊ ÍÁÇÎÉÆÉÅÄ ÖÉÅ× ÏÆ ÁÒÅÁ 0φπ.  

 
3.5 Cross-sectional morphology of 8YSZ TBCs 
 
Figure 10 and Figure 11 show the cross-section 
structure wit h the variation of spray angle. 
Both the TBC sample showed Ti-6Al-4V 
substrate, metallic NiCrAlY bond coat, and 
ceramic 8YSZ top coat. Figure 10 (a) represents 
the coating structure with normal spray angle 
direction (perpendicular direction) , and Figure 
11 (a) represents with  inclined spray angle 
direct ion. Both the cross-sectional structure 
were captured at high magnification to observe 
the different phenomena present in the coating 
structure. Figure 10 (b) and Figure 11 (b) 
showed the magnified structure representing 
grain structure, the network of cracks, pores, 
and unmelted regions. Both spray angles 

showed a vertical grain growth structure , 
which shows a strong bond over the two splats. 
The P90 TBC showed a low amount of intra-
splat and inter-splat crack at a higher 
magnification than that of the P60 sample. Also, 
the P90 had a small width crack compared to 
the P60 large width crack. Even the defects 
such as unmelted particles, pores, and cracks 
were in the large amount. Due to the poor 
adhesion between the splat structures, the 
inter -splat cracks are formed. Both coating 
structures had horizontal cracks that penetrate 
the surface, which could cause growth in a 
vertical crack. The vertical crack separates the 
splat layer structure, resulting in early 
spallation failure than a horizontal crack that 
runs through the dense structure [35] .  


