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ABSTRACT

The plasma sprayed 8YSEBCis applied ona Ti-6A4V substrate witha
NiCrAlY bond coafThe effect of spray angle on the coating microstructu
residual stresses, and mechanical properties is studied in the pdjesurface
and crosssectional coating structure were analyzed by scanning electre
microscopy and elemental composition with energydispersive xay
spectroscopylheSEM image greyscale threshold determined the porosity
in the structure Theresidualstressesnd thermal conductivitywere measurec
by Raman spectracopyand laser flash techniquelhe mechanicaproperty,
suchashardnessand surface roughnessasdetermined usinghe indentation
and surf test profilometer The result showed that the spray angle affects
coating structure - grain size, shapeand distribution, and mechanice
properties.TheP90 TBC showealuniform and dense structure with avg. gra
size of 850nm, whereas P60 showechon-uniform structure with avg. grair
size of 300nm. The 60K inclined spray angleleads tomore defects such ¢
cracks and poreshan the 90Knormal spray angleln both surface and cros
sectional strutures, the porosity levelincreases witha decrease in the spr:
angle conditionsTheP90 TBCesults inhigh compressive residual stressban
the P60 structured TBCThe avg. Raman sh#tfor P90 and P60 TBCsare
156670 v 8amd gnd 13D 1 8 amd, gespectively.The thermal conductivit
decreases with increaskporosity and lowspray angleTheP90 showed bette
hardnessand uniform surface than P60 TBC.

" 2021 Publishedby Faculty of Engineering

1. INTRODUCTION

multilayer structure with a superalloy substrate,
metallic bond coat and ceramic topcoat. Figure 1

Thermal Barrier Coatings (TBCs) development shows the TBC structure with differentlayered

started in the 1950s for defense enginefl]. Later

materials, its function with coating thickness. The

the TBCs were adopted in commercial services such metallic bond coat consists of MCrAlY (NWi/Co),
as %15 manned rocket exhaust nozzle, gas turbine, providing an irregular surface to improve adhesion
and aero engines[2-3]. The TBC consists of a 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 expan®n. 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].

Function TBC System Materials
Thermal Insulation Top Coat oz Ceramics
. Aluminium Oxides
Oxidation Barrier Thermally Grown Oxides and Nitrides
2-10pm
Bonding of TBC/ Bond Coat so-1200m  Aluminites
Oxidation Protection
Thermo-Mechanical Stparalioys
e Substrate Composities
Loading

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 rateand carrier gas flow
rate can be controlled to obtaina better TBC
structure. Among the above spray parameters, the
spray angle variation was considered for the
comparative study. Asa thumb rule, the normal
spray angle is in the line of sighi.e., perpendicular
to the substrate to be coatedThe deviation ®uld
result in compromising the coating properties.
Generally, the spray angle forthe low-velocity
DOT AAGO 1 000 AA xEOEEI
'''''' X[ .O®hérdfore, Mhe vhigh
velocity plasma spray can be consideredo 1t J
TTO0i Al OPOAU AT ¢l A valofA
tolerance from normal angles a lower spray angle
could result in larger elongation with morewastage
feedstock material [8]. It also leads tothe porous

structure, resultingin low hardness anda youngd O

modulus increase in coating defect§9] .

Ling et al.[10] investigated and foundthe 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, thicknessand hardnessMorks et al.[13]
and John et al. [14] investigated and found the
influence of spraying parameter and multilayer

_microstructure, porosity,
Arf chanlcal (gopertles First, the surface and cross

process controlling the coating porosity with
improvement in hardnessvalue. Also, the rare earth
addition and surface remelting could lead to
improvement in surface properties.lzadinia et al.
[15] found the effect ofthe spraying parameter onto
the conventional splat layer structure. The improved
hardness and porosity can be controlled withfew
segmented cracksn 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 anl Ma[18], and
Ekberg et al.[19] investigated ard 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 decreag 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 degloped. 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, thancrease in coatingporosity could
result in decreased valuef residual stressBased 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 coatig structure, thermal and
mechanical properties.

In the present work, the plasma sprayed 8YSZ TBCs
were deposited onto theTi-6Al-4V substrate with
NIiCrAlY bond coat, The effect of spray angleas
Mwiied to i the! iflilieAick fon fhé Aoatd C E

residual stresses, and

$eftidnal Adating? Eefictute Edrd bxlmided by

scanning electron microscopy (SEMAnd elemental
composition  with  energydispersive  xray

spectroscopy (EDS)Then, the porosity level in the
structure was determined usingthe SEM image
analysisgrey scale threshold.Next, the thermal

residual stressesand thermal conductivity were

measured using Raman spectszopy and laser
flash technique Finally, the mechanical property

such as hardnessand surface roughness was

measured using indentation and surf test

profilometer . Based orthe experimental analysis, a
discussion was madawith the effect of spray angle
on the microstructural characterization, residual

stress, and mechanicaproperties.
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2. EXPERIMENTATION gun and substrate were perpendicular, whereas

the plasmagunx AO OEI OAA AO A o¢mJ
both cases, the spray distance was maintained

AT T O0OAT O 01 OEA OOAOOOAC
whole upper surface had constant spray distance

2.1 Substrate preparation

Thetitanium grade 5 alloy Ti6Al-4V was procured

in thin sheetswith a thickness of 3 mm andwas
sectioned into the squareOE AP A A
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%, Fe0.2%, H-0.13%, O-0.1%, NO0.04%, Y-
0.05%, Tibal was determined using spectroscopy
analysis [25]. Before deposition, he substrate
surface was grit blasted with alumina abrasive
particle OE UA  p ¢ afléwirate/fl 2dg/min. The
grit blasting pressure was varied from 2 to Bar
with an increment of O.%ar a the standoff
distance of 100nmwith at v J O P O[A6R7]A T
Grit blasting aims to create adequate surface
roughness to ensure better mehanical interlock
and bonding between substrate and coating layer.
After grit blasting, the substrate was cleaned with
acetoneand 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. %ttria -
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 wasused to deposit bond coat and top coat

TBC withthe variation of spray angle conditionThe b Bond |
NiCrAlY bond coat vas deposited considering rocess Parameter coat | 'opcoat
standard spray parameters. for b_oth the _sgmples, Feedstock NiCrAlY | sysz
whereas 8YSZ were deposited witthe variation of —— ————

spray angle, iewnJ AT A onJ8 4EA|AT ACBICAWOEEAET AHO 500
forthe. E# O! | ,9 A"I'& I‘ 2 ,)A_/_H'er.ee@ the O | M P TVHlafyd (KV) 60 65
Yo 3: 4" #0 xAOA The Apraying O[TLITAT 8

parameters used to deposit TBCs are listed in Table Tb”mary gas flow ratez Ar (slpm) 100 80

1. Figure 2 shows the plasma spray system 9MBM |Secondary gas flow ratg He (slpm) 5 15
machine mount (Make: Sulzer Metco AG, Primary gas pressurez Ar (MPa) 0.69
Switzerland) with 40KW capacity and 6mm

internal nozzle diameter.The plasma spray system | Secondary gas pressure He (MPa) 035

is available at Spraymet Surface Technologies Pvt. Powder feed rate (gm/min) 100 30
Ltd., BangaloreKarnataka,India. Particle velocity (m/sec) P
The spray angle means the angle between the Substrate rotation Stationary
plasma gun and substrate material. The substrate Spray distance (mm) 88.9 635
is fixed, whereas the plasma gun is inclined as per i A R

OEA OANOEOAI AT 08 10 A wml OPXWAH AWICLTAR AERPp) Ao

xEAOAAON

of spray angle condition.

APS
system

Fig. 2. APS system and accessories (Courtesy:

AO omnJh
¢ T p cconstant idistance, with theleft 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

OEA OOAO(

d ‘1
Power
| ‘ source

Spraymet Surface Technologies Pvt. Ltd., Bangalore,

Karnataka, India).

Table 1. Spray parameter to deposit plasma sprayed

8YSZTBCs[6,26].
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Plasma gun
I Normal spray angle
| (90 deg.)
I l
Spray angle \\ |
(60deg.) \_ | J Particle flow
/ C‘\ | ~
\| 3
Spray angle Coating
direction
Substrate

Substrate Fixed

Fig. 3. Schematic diagram of spray angleariation and
spray angledirection.

Fig. 4. Atmospheric plasma spray enable®YSZ TBCs
with spray anglesj AQ wnJ AT A

2.3 Characterization

Theelemental spectrum, phase composition and
microstructure examination of feedstock and
coating microstructur e were examined usingSEM
(Quanta FEG 250, Hillsboro, USAjith EDS The
surface and crosssectional 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 surfaice characterization in
terms of particle size, shape and distribution, the
flow of particles, flattering of particles, and
presence of defects through SEMn addition, the
EDS unit attached to SEM was used to identify the
phase composition of the feedstck. As both the
feedstock were nonconductive, the
gold/palladium (Au/Pd) coatingwas applied usng
magnetron sputtering (Leica EM ACE200,
Germany) to avoid charging withthermal damage
reduction for improvement topographic imaging.

The porosity level in the coating structure was
determined using SEMimageswith the greyscale

threshold  technique [25-26,28-30]. The
microstructure images obtained through SEM
were cleaned withan RGB setting using ImageJ
software. The scanned and cleanedcoating
structure imageshighlight the pores, cracks, and
surface irregularities in the black portion and
grain structure in the white portion. The totaland
porous aress were measured and repeated at
different locations with an equd amount of
accurateand precise analysis.

Theresidual streseswere determined by aRaman
spectrometer (Lab Ramspectrometer, HORIBA
Jobin Yvon, Franceduring thermal loading. The
argon-ion laser with 1 E vrangwavelength and
5mW power was used as an excitation sourcd he
dense surfacecoating structure was found and
focusedon OE OT OCE A vuThetheimAlIEAAOE
loading cycle consists oheating, dwell and cooling
During the heating cycle, the TBC ws heated at
v 1T Ttfdr#0 mins. followed bya dwell of 10 mins
and cooled at room temperature withacooling rate
of 50J # ¥ [ |G Ttotal, 15 thermal cycles were
repeated, and the spectra after gery five thermal
cycles were recorded to find the relative amount of
various phases.

The thermal conductivity (k) was measured by

i AQ (pnjﬂ'%

laser flash technique(Discovery laser flash DLF

1200, India). The thermal conductivity was made
according to the procedureprescribed in ASTM
E1461-11 [31]. One side ofthe TBC sample vas

heated usingashort-duration laser pulse and the

infrared detector measured the other side's
temperature. The thermal conductivity was
measuredupOl pnnml # Exk BABDOAT | £
Atevery cttJ# ET OAOOAIT h asOEA 4
heated for the duration of 2 hrs.The thermal
conductivity was measured byformula (1):

E &my# 1)
where k - OEAOI Al AT T AthéiniaE OEOU N
diffusivity, G,z specific heat, andz coating density.

The coating hardness (Pawas determined by
guad shaped pyramid diamond indenter
(Matsuzawa VMT7, Japan) through a 4p
objective. The %gf load with a dwell period of
10secwas applied. The hardness measurement
wasmade according to the procedure prescribed
in ASTM E9282 [32] and ASTM E38417 [33].
The hardness values obtained on each sample
were recorded five timesz one onthe center and
four on each corner.
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Thesurface roughness (Ra) was measured lasurf 3. RESULT AND DISCUSSND

test profilometer (Mitutoyo SJ 410, Japan) witta

cut-off length of 8mm, probe trace speed of 3.1 Surface morphology of feedstock
0.5mm/sec, and measurement lengthof 16mm.

The arithmetic mean roughness valugobtained Figure 5 (a) and Figure 5 (b) show the
on each sample were scanned and recorded six feedstock morphology of NiCrAlY and 8YSZ.
times z three on Xdirection and three on ¥ The magnified microstructure of NiICrAlY

direction with equal interval. feedstock shows the solid spherical
morphology with particle size ranging from 10

All the microstructural imagesand Raman spectum ~ O'[ p mand 8YSZ feedstock shows hollow

were captured in the controlled temperature and spherical morphology with particle sizes

mechanical properties atroom temperature. OAT CET ¢ &£O01TT v O omnAil 8

- =
200 ym ————

BITS Pilani Goa Campus

Fig. 5.Microstructure of (a) NiCrAlY and (b) 8YSZ feedstodR5] .

3.2 Phase composition and elemental similar composition even after coating

spectrum of feedstock deposition. This helps to identify theimpurity

and preserce of other elements resulting in

The elemental composition othe metallic bond producing defects in the coatingFrom FHgure 6,
coat and ceramictopcoat was determined by it was seen that theNiCrAlY feedstockesults in
energy-dispersive xray spectroscopy (EDS) a high amount of nickel, chromium, and
attached tothe SEM facility. Figure6 shows the aluminum with a small amount of carbon,
elemental spectrum andphase composition by  oxygen, and yttrium by wt. %. The 8YSZ
wt. % for NiCrAlY and 8YSZ feedstock for area feedstock shows a highamount of zirconium,
1 and area 2 (referto Figure 5), respectively. oxygen, and yttrium by wt. %. The presence of
The uniform presence of elemental Au/Pd was not detected in the EDS spectrum as
composition was found throughout the the amount of Au/Pd sputtering applied onto
feedstock. The uniformity in the feedstock the feedstock was very minimalwith a coating
elements and phase compositiorcan result in thickness ofsnm.

@ @ 130K Element | Weight % I

war 7 Toioht % B ¢ y

i:: it Clement  Weight % oy VZIL:; 0(K) 26.8

1 Ni (K) 60.4 104K Y (K) 8.6

ok Cr(K) 222 osni Zr (K) 64.5

084K NiKa ALK) 11.8

ol Y(K) 06
C(K) 2.7

0(K) 23 054

0394 v i

078K’

0.65]
0.56K]
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023 026K
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& @ 9 14 b 9 0%, 13 25 39 52 65 78 a1 104 117 130
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Fig. 6.EDS spectrum of feedstock (a) NiCrAlY (area 1) and (b) 8YSZ (area 2) as shown in H25h
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3.3 Surface morphology of NiCrAlY

The surface microstructure of NiICrAlY was
examined and analyed in terms of surface
uniformity and particle distribution. Both the
bond coat samples were deposited ia 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

ially melted
partigte{s’r

i .eﬁ }

< flattering of
particles

. 2o
circular pores .
" ‘u__nmelted

Crack melted ﬁgJ “particles 4

particles Sl P il

D4 HV det | mode | mag (] HFW WD
%% 10.00kv | ETD | SE | 8000x | 51.8m [6.2m

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 gsores
and cracks were visible. lgure 7 (b) shows the
magnified view of the structure to identify the
shape of the pores, i.ecircular and irregular.
Also, it see 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 8YSZTBCs

The surface microstructure of 8YSZ TBCswas

examined with the variation of spray angle
conditions. The microstructural characteristics

were analyzedin terms of surface uniformity, grain

structure, grain size, shape, and distribution with
features such as melted particles, unmelted
particles, flattering of particles, anddefects such as
the network of cracks, pores, and voids. Both the
samples were coated with NiCrAlY with similar
spraying parameters using plasma spray irasingle

set with anequal number d spray pases.The spray
AT ¢i A OAOE A OE jwhshseddaddpssit
8YSZTBC4 EA 11 OAOETT OOAA
angleswere P90 and P6Qrespectively.

Figure 8 (a) and Figure 8 (b)show the plasma
sprayed 8YSZ TBCs withw 1  Quiglewit a
magnified structure. The magnified P90 TBC
structure showeda uniform and dense structure

The P90 TBCshows thegrain structure with few

unmelted particles and a network of cracks. The

segmented cracks are visibleleading to crack
branching. As the melted particles solidif

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 defectg[34]. The splat
morphology, i.e., the splat elongation, is increased
when the spray angle is decreasef8] .

Figure 9 (a) and Figure 9 (b) showthe plasma
OPOAUAA w93: 4" #0 x&adE
magnified view. As the inclined spray angle was
considered, the P60 results irmore splashing of
molten particles onto the coatingsurface. This

spiiehomériol resuitd in  more noruniform
Auracesywith maré defeqtst Theraghitied P60

TBC showedarge crackwidth with a high crack
angle, whereas themagnified P90 TBCshowed
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 obseed in the
spray angle direction. Considering the grain size,
the P90 showed the average grain size a850nm,
and P60 showed 300nm. The coating area
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exposed to pores, voids, and cracks leads to fast microstructure in terms of the molten flow of

cooling resulting in a change in grain boundary
structure leading to the brittle fracture. The spray
angle parameter affects the  coating

5 Virregular 5
" ) Y/
S pores ~_
partially melted

particles

ﬂatt’é‘}'h’lg of

particles il

~“segmented

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

Magnified view
P 90

unmelted

/ particles grain structure
] m

3 15000 x 13.8 pm | 9. m

5pm
BITS PILANI GOA

I Ab) mpa@ydfied viéw of Dea PBHOE wnJ OD

Fig. 9. (a) Surface microstructureof 9 3: 4" #0 xEOE ¢omnJ ODPOAU AT CI A AT A jAQ

3.5 Cross-sectional morphology of 8YSZ TBCs

Figure 10 and Figure 11show the crosssection
structure with the variation of spray angle.
Both the TBC sarple showed Ti6AI-4V
substrate, metallic NiCrAlY bond coat and
ceramic 8YSZ top coafrigure 10 (a) represents
the coating structure with normal spray angle
direction (perpendicular direction) ,and Figure
11 (a) represents with inclined spray angle
direction. Both the crosssectional structure
were captured at high magnification to observe
the different phenomenapresent 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 angle

showed a vertical grain growth structure,
which showsa 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 hada 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 splatstructures, the
inter-splat cracks are formed. Both coating
structures had horizontal cracks that penetrate
the surface, which could cause growth ina
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].



