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Abstract

Thermal barrier coatings (TBCs) are employed to protect hot section components in industrial and aerospace gas turbine engines. Conventional
TBCs frequently fail due to high residual stresses generated within the coating systems owing to the difference between coefficient of thermal
expansion (CTE) of the substrate & deposited layers. Functionally graded-thermal barrier coatings (FG-TBCs) with gradual variation in
composition and microstructure have been proposed to minimize the problem. In the present study, three different TBC systems, one duplex and
two FG-TBCs, having three and five layers, respectively, were prepared by atmospheric plasma spray (APS) process on Nimonic 90 substrates
using Ni-5Al as bond coat (BC) and magnesia stabilized zirconia as top coat (TC) materials. Five layers comprising the three TBC systems were
also deposited separately as individual coatings to study their characteristic properties. The coatings were characterized by a scanning electron
microscope. Microhardness and CTE of the individual coatings were also measured. Finite element analysis (FEA) using ANSYS 14.5 was
performed to estimate the thermal residual stresses generated within the as-sprayed coating systems. The microstructure, microhardness and CTE
in the five-layer FG-TBC changed gradually as compared with duplex and three-layer FG-TBC. The lowest radial, axial and shear stresses were
generated in the five-layer FG-TBC compared with those of the duplex and three-layer FG-TBC. Increasing the number of layers with a gradient
in composition from BC to TC having similar thickness of coatings increased the bond strength of the FG-TBCs. The bond strength of five-layer

FG-TBC was found to be almost 1.5 times as high as that of the duplex TBC.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Thermal barrier coatings (TBCs) are widely in use now-a-
days to protect internally cooled parts in high temperature
areas of gas turbine engines used in power generation and jet
propulsion. These coatings are applied to provide a tempera-
ture drop (~170-200 °C) between the coating surface and the
component thus increasing the Turbine Entry Temperature
(TET) and consequently turbine engine's efficiency. The
eventual target of applying a TBC is to achieve an enhance-
ment in the fuel efficiency by increasing the operating
temperature by ~100-300 °C. The incorporation of TBC
therefore increases the engine thrust up to 5% and efficiency

*Corresponding author. Tel.: 492 322 5075087.
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up to 1%, respectively. TBCs also extend the life of turbine
components and thereby improve engine reliability [1-8].

A TBC system is a multilayered system having a complex
geometry and usually consists of four layers, (1) a Ni-based
superalloy substrate, (2) a metallic bond coat (BC) with god
corrosion and oxidation resistance, (3) a high temperature oxidation
product formed between BC and TC known as thermally grown
oxide (TGO) and (4) a low thermal conductivity ceramic top coat
(TC) [9]. It has been reported that most superalloys oxidize rapidly
at temperatures above 900 °C as they are unable to protect
themselves from oxidation by making a diffusion barrier during
initial periods of oxidation [10]. The use of an approximately 100—
150 pm thick layer of a metallic BC has now become a normal
practice to protect the superalloy substrate from elevated tempera-
ture oxidation and corrosion [11]. The typical BC materials used in
TBCs are MCrAlY (M=Ni and/or Co) alloys, Ni-Cr—Al, Ni—Cr
and Ni—Al with or without Pt modification [8,11-13]. The Ni—Al
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type bond coats such as Ni—20Al and Ni—5Al are recognized for
their enhanced bond strengths attributed to an exothermic reaction
resulting from an extra heat of solidification associated with the
partial oxidation of Ni and Al during spraying [14—16]. These
coatings also find a number of other applications, e.g., for
restoration of machined components, in internal combustion engine
cylinders as bond coats and in boiler tubes to protect them from
corrosion [15-16]. It has also been reported that Ni-5Al coatings
develop a protective and adherent oxide scale when cyclically
oxidized at 900 °C resulting in a reduction in weight gains of the
superalloy substrates hence lowering the rate of oxidation [16]. The
BC is mainly meant to improve adhesion and increase oxidation
resistance by making a defensive oxide layer (a thermally grown
oxide, TGO), which is frequently consisting of a-Al,O3 [17].

The TC 1is characterized by a stable phase from room
temperature up to the operating temperature, low thermal con-
ductivity usually less than 2W m ™ 'K~ ', comparatively high
thermal expansion coefficient (CTE) usually greater than
9x 10"®K ™', low sintering rate, high melting point and good
erosion resistance [8,10-11]. The TC layer is usually 200-
250 pm in thickness and is directly attached to the BC [11].
Partially or fully stabilized zirconia by adding various oxides like
Y503, CeO,, CaO, Al,O;, Gd,O3; and MgO as stabilizers are
used as TC materials owing to their low thermal conductivity and
relatively good mechanical properties [8,18—19]. Among these,
7r0-Y,05 (7-8% YSZ) is documented as an exceptional TC
material for the last 3040 years as it possesses high resistance
against thermal shock, low thermal conductivity and high melting
point as compared to other stabilized zirconias [10]. However, it
is more expensive as compared to CaO and MgO-stabilized
zirconia [8,20-21]. Zirconia stabilized with 15-24% MgO
(magnesia stabilized zirconia-MSZ) is comparatively cheaper
and is utilized in regions where the temperature intensity is
relatively low such as in the exhaust nozzle of the jet engines
[20-21]. Recently, magnesia stabilized zirconia has been inves-
tigated for its hot corrosion behavior in LiCl-Li,O molten salt
owing to its excellent chemical stability [22]. Moreover, MSZ has
low thermal conductivity (1.0-1.5 W/mK), fairly comparable to
YSZ which suggests that it has a huge potential to be used as TC
material for suitable applications.

The two main processes used to deposit TC are air plasma
spray (APS) and electron beam-physical vapor deposition (EB-
PVD) whereas the BC may be deposited by various methods
such as APS, EB-PVD, low pressure plasma spry (LPPS), high
velocity oxy-fuel spray (HVOF) and chemical vapor deposi-
tion (CVD) [23]. However, the two main techniques used to
deposit commercial TBCs are plasma spraying (PS) and EB-
PVD [24-25]. Plasma sprayed coatings exhibit a typical splat-
on-splat structure formed by the rapid cooling of the small
droplets of molten or semi-molten particles impacting the
substrate at high velocities [24].

The main problem in using a conventional TBC system
consisting of an oxidation resistant BC and a low thermal con-
ductivity heat insulating TC is its premature failure because of the
delamination or spallation of the ceramic TC from the metallic BC.
The large residual stresses generated during cooling from the
spraying temperature at or near the interface of the deposited layers

and substrate are responsible for this failure. These coatings usually
spall or crack either at the interface between the substrate and
coating or at the interface between the BC and TC. These residual
stresses are induced due to mismatch in CTE of the substrate and
BC & TC and can have a considerable effect on the properties of
the deposited coating system [26-29]. These stresses can produce
deformation in the coated parts resulting in cracking or spallation
of the coating. Furthermore, the type or nature of residual stress
may affect many of the coating properties, such as bond strength,
thermal cycling and erosion resistance. Therefore, to predict life of
TBCs and to understand their failure mechanisms, simulation of
residual stresses is an imperative and essential aspect [29].

To reduce mismatch between the CTE of the coated layers
and the substrate and to enhance the service life of the TBC
system, the introduction of one or more intermediate layers
with compositional gradient between the bond and top coats
has been proposed. These thermal barrier systems are usually
referred to as functionally graded-thermal barrier coatings
(FG-TBCs) [28-33]. FG-TBCs are prepared by incorporating
one or more intermediate layers between the BC and TC in
such a way that there is a gradual change in the composition of
the deposited layers from substrate metal to ceramic coating.
Compared with duplex TBC, FG-TBCs are designed to have
intermediate layers deposited by mixing the BC alloy and TC
ceramic in various ratios. These layers are deposited in such a
manner that the layers adjacent to the BC have a metallic
matrix with ceramic inclusions and the layers adjacent to the
TC have a ceramic matrix with metallic inclusions. A transi-
tion layer consisting of 50% metallic phase and 50% ceramic
phase is usually deposited in the center of the FG-TBC system.
The incorporation of such compositionally gradient intermedi-
ate layers are expected to reduce thermal mismatch between
any two adjacent layers owing to small changes in local
composition and may result in improved thermo-mechanical
properties [34-35].

In the present study, Ni-5A1/ZrO,—24MgO based duplex
and functionally graded TBCs (three and five layered) having
same overall thickness but varying individual layers thick-
nesses were deposited on Nimonic 90 substrates by air plasma
spraying (APS) process. This TBC system, comprising of
Nimonic 90 substrate, a Ni-5Al BC, and a ZrO,—24MgO TC,
has not been investigated previously. Five layers comprising of
three TBC systems were also deposited separately as indivi-
dual coatings in order to study their characteristic properties.
Finite element analysis (FEA) using ANSYS 14.5 was also
performed to approximate the thermal residual stresses gener-
ated within the as-sprayed coating systems. Moreover, a
correlation was made between the adhesion/cohesion strength
(bond strength) of the deposited TBC systems with that of the
FEA results.

2. Materials and methods

The substrates used in this study were approximately 3 mm
thick and 12.8 mm diameter discs of a nickel-based superalloy,
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Table 1
Nominal composition of Nimonic 90.

Element Ni Cr Co Fe Others

Weight % 53 20 18 1.5 3.5

20kV X300 2021 09 50 SEI

50um

20kV X300 50pm 2021 0940 SEI

Fig. 1. SEM micrographs of feedstock powders showing morphology and
particle size in, (a) Ni powder and (b) MSZ powder.

Nimonic 90, from Goodfellow Cambridge Limited, UK. The
nominal composition of Nimonic 90 is given in Table 1.
Two types of commercial feedstock powders from Sulzer
Metco, USA, namely Metco 450NS (Ni—5Al, will be referred as
Ni in this paper), a mechanically clad and spheroidal powder
having particle size distribution in the range of —90+45 pm and
Metco 210NS-1 (ZrO,—24MgO, will be referred as MSZ in this
paper), an agglomerated and HOSP™ (Homogeneous Oven
Spherical Powder Method) processed spheroidal powder having
particle size distribution in the range of —904 11 pm, were used
as BC and TC materials, respectively. SEM micrographs showing
the morphology and particle size distribution of the two powders
used as BC and TC materials are shown in Fig. 1(a) and (b),
respectively. Both the powders showed a spheroidal morphology,
however MSZ powder particles showed a perfectly round spherical

Table 2

Plasma spraying parameters used to deposit coatings.

Limits used

Parameter

Layer-3 (50Ni+50MSZ) Layer-4 (25Ni+75MSZ) Layer-5 (100% MSZ)

Layer-2 (75Ni+25MSZ)

Layer-1 (100% Ni)

Ar Ar Ar Ar

Ar

Primary gas type

472 % 107> £ 2.4 x 10~> m¥s

690 + 35 KPa
H,

472 %1073 £ 2.4 x 103 m%s

690 + 35 KPa
H,

472 %1073 £ 2.4 103 m¥s

690 + 35 KPa
H»

472 %1072 £2.4 % 10> m/s

£ 690 + 35 KPa
472 %1077 +2.4 x 107> m/s
H2 H2

690 + 35 KPa

Primary gas pressure

Primary gas flow rate
Auxiliary gas type

7 x 1_()‘3 +24x1073ms

385+ 35 KPa

751072424 x 10~ m¥/s

385+ 35KPa

7x 1072424 x 10> m¥s

385 + 35 KPa

7% 1072 +24 % 10~3 m¥s

385+ 35 KPa

71072424 %1073 m¥s

385+ 35 KPa

Auxiliary gas pressure

Auxiliary gas flow rate
Powder carrier gas

Ar

Ar

Ar

Ar

Ar

17.46 x 10> m%/s

0.85 g/s

17.46 x 10> m’/s

1.0 g/s

17.46 x 10> m%/s

1.0 g/s

17.46 x 10> m’/s

1.13 g/s

500 Amps
70+5V

17.46 x 107> m¥/s
1.13 g/s

500 Amps
70+5V

Powder carrier gas flow rate
Powder feed rate

Arc current
Arc voltage

500 Amps
704+5V
75 mm

8 mm

90°

500 Amps
70+5V
88 mm

8 mm

90°

500 Amps
70+5V

100 mm
8 mm

90°

100 mm
8 mm

90°

125 mm
8 mm

90°

Spray distance

Anode-nozzle internal diameter

Gun to work angle

4855
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Table 3
Number of layers and thickness of duplex and FG-TBC systems.

Thickness (pm) and no. of individual layers

TBC system Layer-1 Layer-2 Layer-3 Layer-4 Layer-5 Total thickness
¥ (100 Ni) (75 Ni+25 MSZ) (50 Ni+50 MSZ) (25 Ni+75 MSZ) (100 MSZ) (pm)

Duplex 100 — — - 200 300

Three —layer 300

FG-TBC 75 - 75 - 150

Five-layer FG-TBC 50 50 50 50 100 300

morphology as compared to Ni powder particles. Surface
morphologies of both the powder particles revealed that Ni
particles have an irregular and rough surface whereas MSZ
particles have a very smooth surface. Furthermore, SEM micro-
graphs of both the powders demonstrated that MSZ powder has a
higher range of finer size particles as compared to Ni powder.

The two powders were also pre-mixed with each other in three
different ratios (by weight %) to form three powder blends, i.e.,
75 Ni/25 MSZ, 50 Ni/50 MSZ, and 25 Ni/75 MSZ. These
powder blends were then used to deposit functionally gradient
layers in order to prepare FG-TBCs. The coatings were deposited
by APS using a Metco 9MB plasma spray gun (Sulzer Metco,
USA). Before depositing the coatings, the substrates were grit
blasted with Corundum-500 particles to a surface roughness of
~4.0 um, followed by ultrasonic cleaning. The plasma spray
parameters used for depositing coatings are given in Table 2.

The powders and coatings were characterized by an analytical
low vacuum scanning electron microscope (JEOL-Japan, Model
JSM 6490 LA) operated at 20 kV and coupled with an energy dis-
persive spectrometer (EDS). The samples were also gold sputtered
(~290 A thick) using an ion sputtering device (JEOL-Japan,
Model JFC-1500) with argon (Ar) as sputtering gas, before
observing them under SEM. Microhardness profiles of the indivi-
dual coatings were obtained using a Vickers Indenter (Wilson Ins-
truments, USA, Model 401MVD) with a 300 gf (2.941995 N) load
and 15 s. dwell time (loading time). The CTE of individual free-
standing layers were measured as a function of temperature using a
dilatometer (Netzsch Germany, model 402E). The approximate
sample size was 03 x 03 x 25 mm and the heating rate was 10 °C/
min. Bond strengths (adhesion/cohesion strengths) of the coatings
were measured as per requirements of ASTM Standard C633-01.

Table 3 tabulates the three TBC systems prepared with each
individual layer thickness and the overall thickness of each TBC
system which was kept approximately same in this study for
comparison. The architecture of the three TBC systems prepared
for the current study is also shown schematically in Fig. 2.

3. Finite element modeling
3.1. Description of the model

A finite element (FE) model was developed to evaluate the
distribution of residual stresses within the coated specimens using
ANSYS 14.5 (APDL). The model geometry used in the analysis
represents a disc shaped Nimonic 90 substrate of 12.8 mm in

diameter and 3.0 mm in thickness with layers of coatings deposited
on the surface of the substrate as shown in Fig. 3. The types and
thickness of the coatings considered in the present study are
summarized in Table 3. Three coating systems considered in this
study were prepared with the same overall thickness of 300 pm but
variation in individual layers thicknesses (Table 3). A coupled
thermal-structural finite element analysis was employed using 2-D
coupled field element PLANE223 having eight nodes with up to
maximum four degrees of freedom per node. Mapped grid was
used for meshing the model due to solid entities thereby generating
regular and computationally well behaving mesh.

An axisymmetric model was chosen in order to reduce the data
processing time as shown in Fig. 3(b). All the interfaces were
assumed to be flat and the effect of grit blasting prior to deposition
process was neglected. It was assumed that bonding between the
deposited layers was perfect and the effect of porosity was ignored.
Moreover, the bonding between the coating and the substrate was
also considered defect free. The substrate and the coatings were
considered to be homogeneous and isotropic for simplicity. The
boundary conditions related to heat transfer used in the analysis are
shown in Fig. 4. The model was subjected to a thermal load of
400 °C on the top surface of the coating and the bottom of the
substrate was maintained at 20 °C. The displacement in X-direc-
tion (radial direction) was constrained along the line of symmetry
for the structural analysis. The entire specimen was assumed to be
stress free at the reference temperature of 400 °C at which the
spraying process was supposed to end. The final residual stresses
were assumed to be generated only due to the cooling of the whole
coating system from the reference temperature of 400 °C to 20 °C.
Heat convection was imposed on the top surface and side of the
specimen as shown in Fig. 4. A heat transfer coefficient (h) of
25 W/m? °C was used. Steady-state analysis was performed to
analyze the residual stress distribution within the coating systems.

Residual stress components resulting from the FEA were
obtained in the following directions: (1) radial stresses corres-
ponding to stress value along the radial direction, (2) axial
stress component referring to stress profile through thickness
of coatings and (3) shear stress component acting along the
tangential direction.

3.2. Temperature and composition-dependent material
properties

It is well known that the thermo-physical properties of Ni
and MSZ vary with temperature and the properties of their
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Top Coat (100% MSZ)

Bond Coat (100% Ni)

Substrate

Duplex TBC

Top Coat (100% MSZ)

50% Ni/50% MSZ
Bond Coat (100% Ni)

Substrate

Three-Layer FG-TBC

100 pm

Top Coat (100% MSZ) 50 pun
25% Ni/75% MSZ 50 jum
50% Ni/50% MSZ 50 jun
75% Ni/25% MSZ 50

Bond Coat (100% Ni)

Substrate

Five-Layer FG-TBC

Fig. 2. Schematic diagrams showing architecture of the three TBC systems.

mixtures depend strongly on the composition of the mixture.
Previous researchers have either used temperature-dependent
or composition-dependent material properties of the mixtures
for their FE analysis, but the temperature and compositional
effects onto the material properties of the TBCs were not

a
Coating 0.3 mm
3.0 mm
Ni-Alloy
Substrate
6.4 mm
b Ed, f
Centerline d% eo
of disc 400°C sc

Fig. 3. Schematic description of the geometry (a) and FE details of the
axisymmetric model (b) used for analysis.

incorporated together and applied concomitantly. In the current
investigation, both the temperature and the composition-
dependent material properties were used for FE analysis in
order to achieve a more practical simulation. The temperature-
dependent properties of Ni and MSZ were taken from literature
[15,36-39] and the composition-dependent properties against
each temperature were calculated using the Vegard's rule [35]

M;=Mxs(Va);+Mp % (1—=(Va),)

where M; is the material property of the ith layer, My, is the
material property of material A, (V,); is the volume fraction of
component A in the ith layer, My is the material property of
material B. The temperature and composition-dependent mate-
rial properties of all the layers used in the present study are
given in Table 4.

4. Results and discussion
4.1. Characterization of coatings

SEM micrographs of polished cross sections of the three
TBC systems, a duplex and two functionally graded (three and
five-layer FG-TBCs), are shown in Fig. 5. The duplex TBC
system as shown in Fig. 5(a), shows a visible boundary
between the two deposited layers and the dense Ni layer can
be clearly distinguished from the porous MSZ layer. However,
no sharp boundaries were formed between the layers in case of
functionally graded coatings and their structure was observed
to be relatively continuous as compared to duplex TBC
system. The gradient distribution of the two phases in the
functionally graded coatings can appreciably reduce the high
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Heat transfer into the surface Heat transfer out of the surface
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Fig. 4. Schematic diagram showing heat transfer boundary conditions used in FEA.

Table 4
Temperature and composition-dependent material properties used in FE analysis.

Material Temperature Density Elastic Poison's CTE Thermal Specific
(°C) (Kg/m®) modulus ratio 10~9/°C) conductivity heat
(GPa) (W/m °C) J/Kg °C)
Nimonic 90 20 8180 204 0.28 12.7 11.47 446
100 8180 199 0.28 13.3 12.77 467
200 8180 194 0.28 13.7 14.44 494
300 8180 188 0.28 14.0 15.99 520
400 8180 181 0.28 14.3 17.54 547
Ni 20 7200 83 0.29 8.972 11.5 500
100 7200 83 0.29 11.710 13.0 512.9
200 7200 83 0.29 12.910 14.7 521.3
300 7200 83 0.29 13.670 159 529.6
400 7200 83 0.29 14.170 16.7 543.9
75 Ni/25 MSZ 20 6457 77 0.286 7.661 7.954 523.8
100 6457 77 0.286 10.246 8.953 545.9
200 6457 77 0.286 11.512 10.089 564.3
300 6457 77 0.286 12.368 10.852 580.6
400 6457 77 0.286 12.880 11.376 600.3
50 Ni/50 MSZ 20 5872 72 0.259 6.629 5.163 542.5
100 5872 72 0.259 9.094 5.767 571.8
200 5872 72 0.259 10.412 6.459 598.2
300 5872 72 0.259 11.343 6.879 620.8
400 5872 72 0.259 11.865 7.185 644.7
25 Ni/75 MSZ 20 5400 68 0.249 5.796 2911 557.6
100 5400 68 0.249 8.164 3.196 592.7
200 5400 68 0.249 9.524 3.530 625.5
300 5400 68 0.249 10.516 3.672 653.3
400 5400 68 0.249 11.046 3.803 680.5
MSZ 20 5010 65 0.24 5.109 1.053 570
100 5010 65 0.24 7.397 1.076 610
200 5010 65 0.24 8.792 1.115 648
300 5010 65 0.24 9.834 1.028 680
400 5010 65 0.24 10.370 1.014 710

thermal stresses generated due to the sharp differences in CTE ~ thermal and mechanical loading may cause bond strength to
and elastic modulus between the two phases for duplex reduce and therefore the coating is likely to crack or spall [29].
coating. The presence of such high thermal and mechanical Vickers microhardness (HV0.3) of the five individual coat-
stresses generated at the interface of the two layers during the ings was measured and drawn in three different combinations
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Substrate
X220

20kV 100pm 2014 09 50 SEI

(4

oy o

]

X250

20kV 100pm 2014 09 50 SEI

Substrate

20kV X180 100pm 2014 10 50 SEI

Fig. 5. SEM micrographs showing microstructure of the coating in, (a) duplex,
(b) three-layer FG-TBC and (c) five-layer FG-TBC.

to simulate the three coating systems as shown in Fig. 6. In the
duplex coating system as shown in Fig. 6(a), there was a large
difference between the microhardness values of the two layers, i.e.,
varying from approximately 112 (HV0.3) in the BC to 396
(HVO0.3) in the TC. This steep difference in microhardness, as
shown in Fig. 6(b), was somewhat divided into two smaller por-
tions in case of three-layer FG-TBC system, i.e., from approxi-
mately 112 (HV0.3) to 241 (HV0.3) at the BC/intermediate layer

o)

Duplex TBC
500 .
a ;
>
I
@ 300
g
T 200 | laver-1(100Ni) Layer-5 (100 MSZ)
< ;
[ s
b »_4/’_‘0\}
's 100 | d
0 :
Coating Type
b Three-Layer FG-TBC
500 , .
' b
@ 400 ;
o
>
: [
2 300 ; '
@ ]
Q
5 ‘ .
5 200 Layer-1 Layer-3 L Layer-5 -
< b v o ”
g (100 Ni) (SONi/S0 MSz) | (100 MS2)
g w0 : |
0 i H
Coating Type
C Five-Layer FG-TBC
500 : ; :
é e 2 L e
'd? 400 Layer-1 Layer-2 Layer-3 E Layer-4 1‘ + Layer-5
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2 ' : : i
0 . . |
Coating Type )

Fig. 6. Microhardness distributions of the three TBC systems, (a) duplex, (b)
three-layer FG-TBC and (c) five-layer FG-TBC.

(50 Ni/50 MSZ) interface and from 245 (HV0.3) to 396 (HVO0.3)
at the intermediate layer/TC interface, thus avoiding a large
difference in microhardness values as compared to the duplex
system. This reduction in difference of microhardness values
between the two TBC systems might be expected to reduce the
magnitude of the residual stresses in the three-layer FG-TBC
system as compared to duplex TBC due to a reduced mismatch in
the properties at the two interfaces of the three-layer FG-TBC
system [29].

In the case of five-layer FG-TBC system as shown in Fig. 6(c),
it can be observed that the microhardness changed gradually
through the five layers as compared to other two TBC systems in
such a way that a sharp mismatch could be avoided. Therefore, it
is expected that the absence of a sharp mismatch in microhard-
ness due to the presence of compositionally gradient layers may
cause suppression in the development of otherwise high residual
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Fig. 7. CTE plot as a function of temperature for five individual layers.

stresses at the interfaces thus increasing the expected life of the
five-layer FG-TBC system [29,34-35].

Fig. 7 shows the linear CTE of the five individual layers as a
function of temperature from room temperature to 800 °C. It can
be observed from Fig. 7 that CTE of the five individual layers
increased with an increase in temperature and gradually changed
through the five layers. A considerable difference between the CTE
values of the two deposited layers comprising the duplex TBC
system, namely Ni and MSZ was observed which further increased
as the temperature is increased. Therefore, large thermal and
mechanical stresses are expected to be generated at the interface of
the two layers during thermal and mechanical loading owing to the
large mismatch in CTE resulting in a premature failure of the
duplex TBC system [29].

In the case of three-layer FG-TBC system which was prepared
by incorporating an intermediate layer of 50 Ni/50 MSZ powder
mixture between the BC and TC, this difference in CTE decreased
to some extent but there was still a sizeable gap between the CTE
of the three deposited layers. This system might be expected to
possess a lower level of thermal and mechanical stresses because
of its lower CTE mismatch between the three deposited layers and
consequently expected to perform better under same thermal and
mechanical loads than the duplex TBC system [29].

For five-layer FG-TBC system, there was a gradual increase in
the CTE values of the five coated layers thereby steadily reducing
the difference between their CTE. This gradual variation in CTE
between the five deposited layers may be expected to further
reduce the level of thermal and mechanical stresses within the
five-layer FG-TBC system as compared to duplex and three-layer
TBC systems. It may therefore be expected that five-layer
FG-TBC may exhibit better thermal shock resistance and hence
improved cyclic life under similar thermal and mechanical loads
as compared to other two TBC systems.

4.2. Residual stress distribution for duplex and FG-TBCs

Fig. 8(a)-(c) shows the typical contour plots of radial stress
distribution in the three coating systems, one duplex and two

FG-TBCs (three and five-layered). It was observed that compres-
sive stresses were generated in the surface in all the three coating
systems which gradually changed to tensile with an increase in the
distance from the surface into the coating. The maximum radial
stress observed in all the three coating systems was below the MSZ
layer, i.e., at the interface of the TC and the adjacent layer below it.
A remarkable stress concentration was seen at the center of the
specimen for all three coating systems decreasing near the edge
and the incorporation of intermediate layer/s only changed the level
of the stress and did not change the pattern of stress distribution.
The maximum compressive and tensile radial stresses generated in
the three TBC systems decreased with an increase in number of
layers from duplex to five-layer FG-TBC.

Typical contour plots of axial stress distribution in the three
coating systems are shown in Fig. 9(a)-(c). The maximum
compressive and tensile axial stresses in all the three coating
systems were observed near the edge of the specimen at the top
cot/underneath layer interface and substrate/BC interface, respec-
tively. The tensile stress was observed near the edge of the
specimen which decreased abruptly and changed to compressive
stress with the increase of specimen radius. The concentration of
large residual stress near the edge of the specimen and the presence
of large tensile and compressive axial stresses at the edge may
result in microcracks normal to the interface and buckling and
spallation of the coating, respectively. By incorporating the
functionally gradient interlayers between the bond and top coats,
the maximum compressive axial stresses decreased significantly
but the maximum tensile axial stresses increased considerably.

Typical contour plots of shear stress distribution in the three
coating systems are presented in Fig.10(a)—(c). The maximum
shear stress in all the three coating systems was found to be
compressive and concentrated near the edge of the specimen
mainly above the BC, i.e., at the interface of BC and the
adjacent layer above it. The value of compressive and tensile
shear stresses decreased with an increase in number of layers
from duplex to five-layer FG-TBC but this difference was not
as large as in case of radial and axial stresses.

The decrease in residual stresses by incorporating the
functionally gradient interlayers may be due to the reduced
CTE mismatch between the layers which led to lower thermal
gradients and lower level of residual stresses in the FG-TBC
systems [29,40—41].

4.3. Residual stress distribution for five-layer FG-TBC

Fig. 11(a)—(c) shows the residual stress distributions on the
surface and interfaces of the five-layer FG-TBC plotted along
the radius of the coating after cooling from the spraying
temperature of 400 °C to 20 °C. It was observed (Fig. 11(a))
that radial stress at the surface of the coating was usually
compressive which gradually changed to tensile along the
thickness of the coating. At the surface and substrate/BC
interface, the radial stress was compressive and an abrupt
increase was observed in this compressive stress near the edge
of the specimen. The coating surface was found in a state of
compression and a maximum compressive radial stress of
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Fig. 8. Typical contour plots of radial stress distribution of the three coating systems, (a) duplex, (b) three-layer FG-TBC and (c) five-layer FG-TBC.

approximately 60 MPa was identified at the surface of the
coating near the edge. The BC, however, was found slightly in
a state of tension near the center along the radial direction but
became compressive approaching the edge and a maximum
compressive stress of about 23 MPa was identified near the
edge. A minor variation in behavior of BC from compressive
to tensile was observed near the edge and a tensile radial stress
of about 6 MPa was identified at the edge. At other interfaces
of the coating, i.e., 100 Ni (BC)/75 Ni, 75 Ni/50 Ni, 50 Ni/25
Ni and 25 Ni/0 Ni (TC), the stresses were found to be tensile

and the maximum tensile stress of approximately 76 MPa was
observed at 25 Ni/0 Ni (TC) interface near the center of the
specimen abruptly decreasing to zero near the edge.

The distribution of axial stress at the interfaces of the five-
layer FG-TBC is shown in Fig. 11(b). It was observed that the
axial stresses generated at the substrate/BC and BC/75 Ni
interfaces were tensile in nature and a maximum of about
71 MPa of tensile axial stress was generated at the edge. The
axial residual stresses generated at other interfaces of the
coating, i.e., 75 Ni/50 Ni, 50 Ni/25 Ni and 25 Ni/0 Ni (TC),
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Fig. 9. Typical contour plots of axial stress distribution of the three coating systems, (a) duplex, (b) three-layer FG-TBC and (c) five-layer FG-TBC.

were found to be compressive in nature and a maximum of
about 48 MPa compressive axial stress was found to be
generated at the 25 Ni/0 Ni (TC) interface at the edge. Near
the edge of these interfaces, the axial stress first became
slightly tensile and then abruptly changed to compressive with
a maximum value at the edge of the specimen. The axial
stresses were found to be decreased quickly with an increase in
the distance from the edge of the specimen.

Fig. 11(c) shows the distribution of shear stress along the
radius for a five-layer FG-TBC. The shear stresses at all the

interfaces were found to be mainly compressive in nature with
a maximum value of about 23 MPa at the BC/75 Ni interface
near the edge.

It is well documented in literature that, from the residual
stress distribution standpoint, surfaces and interfaces between
dissimilar materials are the locations of interest because of the
mismatch in their properties such as elastic modulus and CTE
[40]. It has also been documented that the modes of failure in
coatings strongly depend on the tensile or compressive nature
of the residual stresses [41]. Tensile residual stresses may
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Fig. 10. Typical contour plots of shear stress distribution of the three coating systems, (a) duplex, (b) three-layer FG-TBC and (c) five-layer FG-TBC.

induce fracture of the coating normal to the interface by
producing microcracks perpendicular to the interface whereas
compressive residual stresses can originate buckling and ultimate
spallation of the coating. It has been demonstrated that compres-
sive residual stresses can initiate and propagate interfacial cracks
which may or may not result in the spallation of the coating
depending on the relative fracture strengths of the interface and
coating [40—41]. It can be concluded from the above discussion
that generation of large compressive radial stresses at the surface
may cause buckling of the coating whereas large tensile radial

stresses generated at the interfaces may result in crack initiation
and propagation perpendicular to the coating interface. Similarly,
the presence of large axial and shear stresses at the interfaces and
their concentration near the edge of the specimen may cause
spallation of the coating.

4.4. Effect of coating layers on residual stresses

Fig. 12(a)—(c) shows the maximum radial, axial and shear
stresses in the duplex and three and five-layer FG-TBCs having
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equal overall thickness but with different number of layers. It can
be observed from Fig. 12 that the highest residual stresses were
generated within the duplex TBC, whereas minimum residual
stresses were produced within the five-layer FG-TBC. The incor-
poration of functionally gradient layer/s between the bond and
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Fig. 12. Comparison of stresses in the three TBC systems having different
number of layers but with same thickness, (a) radial stress, (b) axial stress and
(c) shear stress.

top coats can have a significant effect on the level of residual
stresses generated within the FG-TBC systems [29,40—41]. The
residual stresses formed within the three-layer FG-TBC after
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plasma spraying were relaxed by incorporating an intermediate
layer consisting of 50 Ni/50 MSZ between the BC and TC. This
intermediate layer resulted in a reduced CTE mismatch between
the deposited layers as compared with duplex TBC thus resulting
in less residual stresses within the system. However, when
comparing the two FG-TBC systems, it was observed that the
residual stresses generated within the five-layer FG-TBC were
comparatively lower. This reduction in residual stresses within
the five-layer FG-TBC can be attributed to the gradual change in
the CTE of the five deposited layers owing to the composition of
each individual layer as described in Table 4. It was found that
the maximum radial stress for five-layer FG-TBC, compared
with that of duplex coating, decreased by 15.5 MPa, whereas
maximum compressive axial stress and shear stress reduced by
22.3 and 4.0 MPa, respectively. The maximum redial stress and
maximum axial stress in all the three TBC systems were found to
be below the MSZ layer and the maximum shear stress was
above the BC.

It can be concluded from the above analysis that the five-layer
FG-TBC exhibited lowest radial, axial and shear stresses
compared with those of the duplex and three-layer FG-TBC.
This reduced level of residual stresses in the five-layer FG-TBC
might result in an increased bond strength and better thermal
cycle resistance as compared with duplex and three-layer FG-
TBC under same thermal and mechanical loading conditions and
expected to increase the life of the FG-TBCs [29].

4.5. Bond strength

Bond strength is an important factor determining the life of the
thermally sprayed coatings. Average bond strengths (adhesion/
cohesion strengths) of the three TBC systems were measured as
per ASTM standard C633-01 and are shown in Fig. 13. Both the
FG-TBC systems were found to have higher bond strengths than
the duplex TBC, however, five-layer FG-TBC showed the highest
bond strength amongst these three systems.

In case of FG-TBCs, the composition of layers gradually
changed from purely metallic (BC) to metallic/ceramic mixtures
(intermediate cermet layer/s) to purely ceramic (TC). This gradual
compositional variation between the layers resulted in reduced
levels of residual stresses which otherwise might be quite high in
case of duplex TBC due to compositional mismatch at the inter-
face. Additionally, barely visible interfaces were found between the
adjacent layers in FG-TBCs thus resulting in an almost continuous
microstructure as compared to duplex coating which possessed a
sharp boundary and a discontinuous microstructure between the
BC and TC. Furthermore, the fracture toughness of the BC might
be much higher due to its metallic nature as compared to the
ceramic TC. Consequently, the presence of metallic Ni in the
functionally graded layer/s might improve overall fracture tough-
ness of the coating system and the crack growth rate maybe
decreased [27]. All these factors are believed to be the major
contributors in improving the bond strengths of the FG-TBCs
[27,31-32,42].

The variation in bond strengths of the three TBC systems
can be explained from FEA results shown in Fig. 12 by
correlating the level of residual stresses generated and their
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Fig. 13. Average bond strengths of the three TBC systems.

concentration location in different TBC systems. In case of
duplex TBC, the radial, axial and shear stresses were extre-
mely high as can be seen from Fig. 12. The presence of such
high level of residual stresses may cause the duplex coating
system to crack, spall and delaminate. This was the reason why
duplex TBC showed minimum bond strength as compared to
FG-TBCs. The level of these residual stresses can be reduced
appreciably by incorporating functionally gradient interlayers
between the BC and TC as can be seen in Fig. 12. It can be
observed that the residual stresses generated in five-layer FG-
TBC were comparatively lower than three-layer FG-TBC
explaining the relatively high bond strength of the former.
Fig. 14 shows photographs of the fractured samples of three
TBC systems. In duplex and three-layer FG-TBC, the fractures
were found to be of internal adhesive/adhesive nature, i.e., they
fractured at ceramic-BC and ceramic-intermediate cermet layer
interface, respectively, as shown in Fig. 14(a) and (b). In case
of five-layer FG-TBC, however, a complex cohesive/adhesive
mode of fracture was observed. The cohesive fracture was seen
at the epoxy-ceramic interface whereas adhesive fracture was
observed within the cermet layers and at the substrate-BC
interface as shown in Fig. 14(c). The fracture loci of all the
three TBCs were found to be in compliance with the FEA
results shown in Fig. 8-Fig. 10 in the form of contour plots.

5. Conclusions

Three multilayered coating systems were prepared to examine
the stability and stress distribution using experimental and model-
ing techniques. The microstructure, microhardness and coefficient
of thermal expansion were found to gradually change in the five-
layer FG-TBC as compared with duplex and three-layer FG-TBC.

The finite element analysis showed development of com-
pressive radial stresses that were observed near the surface in
all the three coating systems which may result in microcrack-
ing of coating layers. The maximum radial stress observed in
all the three coating systems was below the MSZ layer whereas
the maximum axial and shear stresses were found near the
edge which may lead to coating failure or spallation.
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Fig. 14. Fractured surfaces of the three coating systems showing location of failure (failure locus), (a) duplex, (b) three-layer FG-TBC and (c) five-layer FG-TBC.

It was found that five-layer FG-TBC had the lowest radial,
axial and shear stresses compared with those of the duplex and
three-layer FG-TBC. The reduction in residual stresses in the
five-layer FG-TBC is probably due to decrease in mismatch of
the CTE of the deposited layers.

Increasing the number of layers with a gradient in composi-
tion from bond coat to top coat with similar coating thickness
ultimately increased the bond strength of the FG-TBCs. The
bond strength of five-layer FG-TBC was found to be almost
1.5 times higher than that of the duplex TBC.

It can be concluded that the five-layer FG-TBC design can
be beneficial to prevent generation of thermal stresses as
compared to the duplex TBC.
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