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ABSTRACT 

Analytical models are presented for predicting bond 
coat properties of thermal barrier coatings (TBCs) 
during crack propagation studies induced by bending. 
Studies on crack propagation behaviour in TBCs were 
performed with plasma spray coated zirconia, bonded 
by a MCrAlY layer to Ni -base superalloys (Inconel 617 
and CMSX-4). Such thermal barrier composites are 
currently considered as candidate materials for 
advanced gas turbine stationary components. Coating as 
a protective layer improves the surface properties of the 
substrate. At a temperature of 1073 K, the crack 
propagation was found to be confined to the TBC 
(ceramic layer), as the ductile bond coat offers an 
attractive sink for stress relaxation. The stress-strain 
behaviour is a function of the elastic modulus of 
coating, bond coat as well as that of substrate. Thus, 
from a knowledge of the elastic modulus of TBC and 
that of substrate, the elastic modulus of the bond coat 
needs to be evaluated which is a basic parameter for 
characterizing coating performance. In this paper, the 
elastic modulus of the bond coat has been determined 
by modifying the existing model for a two-layered 
composite beam to a three-layered composite beam. 

Key Words: Analytical model, Crack propagation, 
thermal barrier coatings (TBCs), Ni- base super alloy, 
gas turbine components, bond coat, layered composite 
beam. 

1. INTRODUCTION 

TBCs represent an attractive materials approach of 
enhancing the high temperature limits for systems such 
as gas turbines, aircraft engines and diesel engines. 
Industry and academia in the recent years are actively 
pursuing research on evaluating the lifetime and 
thennomechanical behaviour of candidate materials in 
turbine blades and vanes being subjected to high 
mechanical stresses and aggressive environments /1 -11 /. 
These blades and vanes are made of superalloys with 
ceramic thermal barrier coatings (TBCs). 

The Ni-base superalloys which have been developed 
for this application are made of superalloys having a γ 
matrix (solid solution based on nickel) strengthened by 
both solid solution and precipitation of the γ'-Νί3 

(Ti,Al) phase. The demand for higher efficiencies and 
durability has resulted in directionally solidified alloys, 
single crystals, alloys strengthened by oxide dispersion 
(ODS) or by carbide fibres l\l . Crack propagation 
studies and failure modes of TBCs on (i) Ni-base 
superalloy having a γ' phase > 50% 111 and (ii) Inconel-
617 under bending for gas turbine vanes have been 
studied and reported elsewhere 12,21. The significant 
differences in properties between ceramic and metal, as 
well as the severe temperature gradients applied in such 
systems, cause thermal stresses that can lead to 
cracking, delamination and ultimately spalling of the 
coating. It was established that under conditions 
simulating jet engine applications /4-5/, one significant 
contributor to such spalling is oxidation of the bond 
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coat. Many studies have concentrated on the time to 
spalling as a function of heat flux /6-9/ and as a function 
of surface stresses and crack tip opening 191. 

Zirconia partially stabilized by 6-8 wt% yttria seems 
to be a reasonable material for TBC IM. However, the 
behaviour of TBC in a corrosive environment especially 
in the presence of vanadium is not entirely satisfactory 
l \ l . In addition, a NiCrAlY or NiCoCrAlY type metallic 
undercoat insures the bonding and the adherence of the 
thermal barrier on the substrate and also improves the 
corrosion resistance of the substrate. The mechanical 
integrity of the bond coat is related to its properties. The 
ductility of the bond coat is most important. Ductility is 
generally quantified by the strain energy necessary for 
the initiation of the first crack in a coated material using 
bending or tension tests / l / .The elevated temperature 
tests reveal that above a certain temperature the bond 
coat is ductile since the strain to cracking increases 
rapidly. Thus it is possible to predict a ductile to brittle 
transition temperature (DBTT) for the bond coat which 
depends on the thickness of the bond coat as well as the 
Al content I I I . When the components are subjected to 
severe thermomechanical cycles, MCrAlY coating is 
chosen because of its favourable ductility and thermal 
expansion coefficient. No quantitative approach for 
DBTT is really available to date. 

In recent years, concentrated efforts have been made 
to understand the mechanisms of crack initiation and 
propagation in TBCs under controlled experimental 
conditions /9-11/. Keeping this in view, an attempt was 
made to study the crack propagation behaviour in TBCs 
at room temperature in the as received and oxidized 
conditions as well as at a higher temperature (1073 K) 
12,31. The aim of the present work is to derive analytical 
models for predicting the elastic modulus of the bond 
coat 12,3/ which is a basic parameter for characterising 
coating performance during crack propagation studies 
under bending. The existing analysis for two-layered 
composite beam has been extended to a three-layered 
composite beam to facilitate prediction of the elastic 
modulus of the middle layer, namely bond coat. 

2. EXPERIMENTAL: 

The failure behaviour of the TBC systems was 
studied in bending tests with in situ observation of the 

cracking mechanisms 12,31. 

2.1. Material Specification 

Ni-base superalloy (a) Inconel-617 from an 
indigenous source, designated as source A and (b) 
CMSX-4 from an industrial source, designated as source 
Β containing γ ' phase ( - 6 7 % ) were the substrate 
materials for the TBCs. A NiCrAlY type metallic 
undercoat or bond coat was first generated by plasma 
spraying to ensure the bonding and the adherence of the 
thermal barrier on the substrate and to improve the 
corrosion resistance of the TBC. Thereafter, zirconia 
(stabilized with 8 wt% yttria) based thermal barrier 
coating was plasma sprayed on the bond coat. Although 
the substrate materials of the TBCs from two different 
sources were different, the plasma spraying parameters 
were maintained nearly the same. In the case of bond 
coat, in order to approach theoretical bulk density and 
extremely high adhesion strength, plasma spray was 
carried out in inert gas chamber and at reduced pressure 
/12/. The powder particles, approximately 40 pm in 
diameter, were accelerated and melted in the flame on 
their high speed (100-300 m/s) path to the substrate, 
where they impacted and underwent rapid solidification 
(106 K/s). The atomizing gas used is Argon, to exclude 
oxygen from the vicinity of the flame and work piece. 

Typical parameters for turbine vane coating in the 
present investigation are reported in 12,31. 

2.2 Specimen Preparation 

From the as received plate-shaped vane components 
four point bend (FPB) specimens were machined using 
ultrasonic cutting and spark erosion technique. The 
height (h), width (b) of the various FPB specimens, 
along with the thickness of the ceramic layer (dc) and 
the thickness of the bond coat (db) are listed in Table. 1. 
Fig.la shows a schematic cross sectional view of the 
multi-layered specimens. 

2.3 Microstructure 

The as received TBC-substrate specimens were first 
mounted using standard thermosetting resins and then 
polished manually on emery polishing paper of different 
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Table 1 
Dimension and coating thickness of the TBC specimens for FPB experiments 

Type Source Test temperature, 
Κ 

h 
(mm) 

b 
(mm) 

Dc 

(mm) 
Db 

(mm) 
1. As received A RT-298 1.71 2.64 0.60 0.1 
2. As received Β RT-298 1.83 2.61 0.50 0.1 
3. Oxidised at 

1273 Κ for 
200 hours 

A RT-298 2.42 2.31 0.27 0.11 

4. Oxidised at 
1273 Κ for 
200 hours 

Β RT-298 2.41 2.22 0.30 0.10 

5. As received Β 1073 3.00 3.88 0.50 0.20 

grits (200, 400, 800 and 1200). This was followed by 
polishing the mounted specimens with 9pm, 6 pm, 3 
pm and then 1pm alumina suspension, cleaning with 
acetone and drying the specimens. The thickness of the 
TBC (ceramic layer) and that of the bond coat were 
measured by optical microscopy. Another set of samples 
were oxidized at 1273 Κ for 200 hours at 10s Pa, in an 
Argon / 20 volume % oxygen atmosphere. Prior to the 
crack propagation tests under four point bending all the 
samples were polished using a final polishing step with 
0.1 pm diamond paste. The surface was finally cleaned 

A 
Β τ 

C 

Fig. la: Schematic of cross sectional view of a plasma 
sprayed TBC on Ni base superalloy. 
Α-TBC (ceramic layer) 
B-Bond coat 
C-Substrate (Ni base superalloy) 
Η-Distance of neutral axis from the surface of 
the TBC. 

with acetone and dried. After the FPB tests, the 
microstructure of the substrate was examined by 
electrochemically etching the specimens /2,3/. 
Microstructures revealing the triple point junction (i.e 
the grain edges at the junction of adjacent grain 

C 

100 pm 

Fig. lb: Micrograph of a plasma sprayed TBC in as 
received condition (Type 1, source A). The 
sample is polished and unetched. 
Α-TBC (ceramic layer) 
B-Bond coat 
C-Substrate 
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• * 

C 

100 um 
IUI . 

Fig. lc: Micrograph of a plasma sprayed TBC (Type2, 
source B). The sample is polished and 
unetched. The TBC (ceramic layer) has less % 
porosity and defect compared to the one 
reported in Fig. 1 b. 
Α-TBC (ceramic layer) 
B-Bond coat 
C-Substrate 

boundaries and the grain boundary precipitates) of the 
superalloy Inconel-617 in the Type 3 specimen, the γ' 
phase in the Ni base superalloy from source B, the 
oxidised sample (Type 4 specimen) and the Al 
(aluminium) depleted zones just below the TBC and the 
interface of the coating and the bond coat as well as at 
the interface of the bond coat and the substrate observed 
in Type 3 and Type 4 composite beam specimens are all 
reported in 12,21. Typical optical micrographs of the 
specimens in unetched mode are shown in Figs, lb and 
lc. 

2.4 Crack Propagation Studies 

Crack propagation studies were conducted under 
four point bend (FPB) loading using a miniature testing 
device monitored on the stage of an optical microscope 
(RT tests) and a servohydraulic Instron-1362 machine 
(for 1073 Κ test). The TBC (ceramic layer) was on the 

tensile surface. The ramp rate for loading was 
maintained at 2.5 Ns"1 and the deflection was measured 
with an LVDT. The load versus deflection curves were 
recorded as the raw data from each experiment and are 
reported elsewhere 12,21. Most of the tests were 
conducted at room temperature (RT- 298 K), where the 
bond coat behaves in a brittle manner and few at 1073 Κ 
where the bond coat is ductile. Strain values 
corresponding to deflection were evaluated on the basis 
of geometric two layer relations using the following 
equations /13/: 

ε = h„ /R (1) 

R = δ / [ 1 - cos (θ/2)] = δ / {1 - cos[ sin(δ/1/2)]} (2) 

where ε is the strain corresponding to deflection δ, L is 
the difference between the outer and inner span in four 
point bend loading, h„ is the distance of the neutral axis 
of the FPB specimens from the interface of the ceramic 
coating and the bond coat. R is the radius of curvature of 
the neutral axis due to deflection at an angle Θ. 

h0 is calculated from the following expression/13/: 

Ε ς ds 2 - Ε r de 2 

h0 = * £ (3) 
(2 Esds + 2 Ecdc ) 

where Es = 210 GPa at room temperature and Ec = 110 
GPa at room temperature and Ec= 108 GPa at 1073 Κ 
121. Es and Ec are the elastic moduli of the substrate and 
TBC (the ceramic layer) respectively, ds and dc are the 
thickness of the substrate and the ceramic layer 
respectively. It is important to note that in this first 
order approximation, the subtle differences in the elastic 
properties between the bond coat and the substrate were 
neglected. The load versus strain and stress versus strain 
curves of the composite beam specimens are shown in 
Figs. 2 and 3 respectively. 

The TBC inherited many microcracks due to the 
plasma spraying process, but under bending stresses 
larger cracks became prominent and grew across the 
height (thickness) of the specimen. The crack length 
was monitored microscopically on the side surface of 
the specimens and was measured with special care in 
locating the crack tip. The crack path trajectory was 
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Fig. 2a: Plots of load versus strain at the interface of 
bond coat/TBC for composite beam specimens 
- Type 1, Type 2 and Type 5. 
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Fig. 2b: Plots of load versus strain at ceramic (TBC) 
surface for composite beam specimens - Type 
1, Type 2 and Type 5. 
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Fig. 2d: Plots of load versus strain at ceramic (TBC) 
surface for composite beam specimens- Type 3 
and Type 4. 
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Fig. 3a: Stress versus strain curves for composite beam 
specimens- Type 1 and Type 3. 
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Fig. 2c: Plots of load versus strain at the interface of 
bond coat1 TBC for composite beam specimens 
- Type 4 and Type 3. 
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Fig. 3b: Stress versus strain curves for composite beam 
specimens - Type 2 and Type 4. 
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Fig. 3c: Stress versus strain curves for composite beam 
specimens- Type 1, Type 2 and Type 5. 

recorded and printed by a video scanner for RT (298 K) 
tests and by a sophisticated camera system attached to 
the microscope for the high temperature (HT = 1073 K) 
test. The crack extension was correlated to the applied 
load and corresponding deflection of the composite. 
Load versus crack length plots and deflection versus 
crack length plots were generated and they are reported 
in /2,3/· Subsequently, these deflection values were 
plotted against their corresponding load values by 
polynomial of the form, Υ = A+ Bx + Cx2 + Dx3 and by 
resorting to the integral method, the values of the 
energy, U = ί Y dx were evaluated corresponding to 

each deflection value, enabling plots of U versus a 
(crack length). The slope at the various points 
corresponding to the crack lengths when normalised 
with respect to the height of the specimen gave the 
strain energy released with respect to crack extension 
during bending. The strain energies released at the 
interface of the ceramic coating and the bond coat and 
within the bond coat are shown in Table 2. 

3. MODELING OF A THREE-LAYERED 
COMPOSITE BEAM 

For crack propagation studies, four point bending 
was chosen as, in gas turbines, the blades and vanes are 
often subjected to bending. 

If a homogeneous rectangular beam is subjected to 
symmetrical bending /14/, the neutral axis of the beam 
coincides with the centroid of the cross section. 
However, if one of the beam's surfaces is coated with a 
material of different elastic modulus, the beam is no 
longer homogeneous and the neutral axis shifts from the 
centroid of the cross section of the composite beam. 
Thus an in-plane modulus of the coating was proposed 
from the shift of the neutral axis /14/. In the bent 
composite beam, the dependence of the normal stresses 
o c and σ5 (where the subscripts c and s denote the TBC 

Table 2 
Strain energy values at the interface of bond coat and TBC and in the bond coat 

of the FPB composite specimens 111 

Type Source Test temperature, 
Κ 

Strain energy released, J/ m2 % Strain at the interface 
of bond coat/TBC 

Type Source Test temperature, 
Κ 

At the interface of Within the 
bond coat/ TBC bond coat 

% Strain at the interface 
of bond coat/TBC 

1. As received A RT-298 111 χ 104 17.80 - 0 . 1 

2. As received Β RT-298 131 χ 104 23.07 - 0 . 1 

3. Oxidised at 
1273 Κ for 
200 hours 

A RT-298 182 χ 104 15.60 0.2 

4. Oxidised at 
1273 Κ for 
200 hours 

Β RT-298 170 χ 104 17.60 0.2 

5. As received Β 1073 5.40 χ 104 
- 0.34 
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and the metallic substrate respectively) upon the 

transverse thickness coordinate Y (Fig.4) can be 

expressed as follows /14/: 

/13/, the expression for H \ which is the distance of the 
neutral axis from the bond-substrate interface (Fig. 5), 
has been derived as follows: 

ac = ECY/R 
as = Es Y/ R (4) 

Η ' - ds Κ 
1 + Κ 

-(db + de + ds) (7) 

where R is the radius of curvature of the neutral axis, 
and Ec and Es are the elastic moduli of the TBC and the 
substrate. From the equilibrium of the axial forces, the 
following equation has to be satisfied /14/: 

d s ~ ho 
J σ _ dA + 

- h - h 

ho 
J σ c 
- d „ 

dA = 0 (5) 

where A is the cross-sectional area. Substituting eqn. (4) 
into eqn. (5) yields h„ as given in eqn. (3). However, for 
calculation of strain in the ceramic layer, Η was taken 
into consideration instead of hm where 

where κ = e s 

e c 

The strain in substrate, ε , = — . In our calculations, 5 R 
the elastic strain in the substrate is taken into 
consideration. The normal stress σα σ> and ah of the 
bent composite beam is described in /14/ 

EcY 
R 

ab = 

R 

R 

(8) 

Η = h„ + dc (6) 

The strain at the TBC (the ceramic layer) and at the 
interface between bond coat / TBC are displayed for as 
received (RT test), oxidized condition (RT test) and at 
high temperature-1073 Κ test (Fig. 2). The results are 
compatible with those reported for similar TBCs in bend 
tests/1,7/. 

The elastic modulus of the three layered composite 
beam can be calculated by modifying and generalising 
the method developed by Chiu et al. /13/. Following 

where Y is transverse coordinate f rom the neutral axis, R 
is radius of curvature of the neutral axis and Ec, E, and 
Eh are elastic moduli of the ceramic, substrate and bond 
coat respectively. 

For a three layered composite beam, the equilibrium 

of axial forces is: 

H' H' + db H'+dc+db 
I os(M+ J abdA+ j a c dA = 0 

H'-ds 
(9) 

H' H' + dh 

gtomecrlc center-
neutril axis-

interface 

o%- Ε r 
(C) 

Fig. 4: Stress- strain relationship in a composite beam subjected to a pure bending moment: (a) cross - section of the 
composite beam; (b) strain development in the axial direction; (c) stress in the axial direction /13/. 
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Ceramic 

Neutral axis 

Fig. 5: Cross section of the three layered composite beam in the present investigation subjected to a pure bending 
moment. H' is the distance of the neutral axis from the interface of bond coat and substrate; ds, dh and dc are the 
thickness of substrate, bond coat and ceramic layer (TBC) respectively. 

where A is the cross sectional area. 
From equations (8) and (9), we have 

lr=
Esds2-Ebdb

2-Ecdc
2 -2Ecdcdb 

2(Esds + Ebdb + Ecdc ) 
(10) 

/ 

Equations (7) and (10) yield: 

_ EsRlf 2K(4-R2) - Rrfl- Κ)} E^i Kh2(b-Ri)J 
[(h2q)-K(k2R,)] (11) 

where 

R, = 
and 

» , - i . 

The value of Es at room temperature, in oxidised 
condition and at 1073 Κ is determined from the slope of 
the elastic region of experimentally determined stress-
strain curves. In these curves, the % strain at the bond 
coat/TBC interface was plotted against the cor-
responding bending stresses for the composite beam 
specimens. 

4. RESULTS AND DISCUSSION: 

4.1 Metal lographic Studies 

Micrographs of plasma sprayed TBC substrate 
(Type 1 and Type 2) are shown in Figs, lb and lc 
respectively, which reveals that the % porosity (-30%) 
in Type 1 specimen is more than that in Type 2 
specimen (% porosity being 18 to 20 %). Further, it was 
evident that the bond coat also possessed considerable 
porosity as defects incorporated from plasma spraying, 
although in Type 2 specimen it was lower. 
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4.2. Mechanical Properties and Crack 
Propagation Behaviour of the TBCs 

Taking into account the relative mechanical 
properties of the superalloy and the coating, the latter 
has a low strength due to the numerous defects and a 
lower elastic modulus and the (system alloy + coating) 
can be considered as a composite in which the load 
bearing contribution of the coating is negligible IM. If 
the coating formation involves consumption of alloys as 
in the case of aluminides and induces a reduction of 
alloy section, it is necessary to consider the residual 
section of superalloy for the determination of the 
effective mechanical stress IM. This is of particular 
importance in the case of cooled blades with thin wall 
sections. On the other hand, for overlay coatings as in 
the present case, there is no reduction in the load 
bearing section (eventually a very small reduction, due 
to interdiffusion effects during the heat treatment 
applied to improve adherence). These coatings 
introduce a marginal mass subjected to centrifugal 
stresses for the blades. As a point of interest, it was 
found III, that for both types of coatings, the ratios of 
the total section of the component accounting for the 
stress due to centrifugal loads to the actual load bearing 
section (alloy) were found to be quite comparable. 
Therefore in the present investigation, it was assumed 
that the load is borne by the superalloy substrate and not 
by the coating. From the load-deflection curves of the 
bent composite beam, the bending stresses were 
evaluated without the TBC (ceramic layer) using the 
standard formula as per ASTM STP 410, for four point 

High Temperature Materials and Processes 

bend loading of miniature specimens. The bending 
stresses at the yield point were 296 MPa, 300 MPa, 693 
MPa and 700 MPa for Type 1, Type 2, Type 3 and Type 
4 materials respectively (Fig. 3). The stress values for 
the as received material tested at room temperature are 
quite compatible to the values reported in literature for 
Inconel 617 and CMSX-4. It was found that the bending 
stresses at the yield point of the oxidized specimens 
were about 2.3 times higher than those of the as 
received specimens. This could be attributed to 
microstructural toughening due to solid solution 
precipitation of massive γ ' and γ phases after the Al 
depleted zone following the bond coat in the substrate 
of Type 4 specimen 111 and also owing to carbide 
precipitation at the bond coat/ substrate interface, grain 
boundary precipitation and coarsening of grains in the 
substrate of Type 3 specimen 13/. 

The values of Es and es are tabulated in Table 3. The 
predicted Eh values from equation (11) are tabulated in 
Table 4. These Eh values are comparable to the reported 
Eb values for bond coat of the type Ni l8Cr l2AlY /15/. 
From the results it is apparent that the Ε value 
predictions of the bond coat compare well with 
experimental determinations reported in literature, for 
tests conducted at room temperature /15/. However, a 
minor deviation was obtained in the case of bend tests at 
high temperature. 

Table 2 reveals the strain energy values at the 
interface of the ceramic layer and the bond coat and 
within the bond coat. These values infer that for the 
oxidized sample a higher strain energy is required for 

Table 3 
Values of ε5 and Es determined from experimental data 

Type Source Test temperature, 
Κ 

%Strain in 
substrate (ε5) 

Young's modulus of 
substrate (Es), 

GPA 

1. As received A RT-298 0.018 210 

2. As received Β RT-298 0.0282 210 

3. Oxidised at 1273 Κ 
for 200 hours 

A RT-298 0.064 206 

4. Oxidised at 1273 Κ 
for 200 hours 

Β RT-298 0.0652 204 

5. As received Β 1073 0.030 200 

1 1 1 
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Table 4 
Predicted Young's modulus of the bond coat from the analytical model 

Type Source Test 
temperature, 

°C 

Predicted Young's 
modulus of bond coat 

Gpa 

Reported value of Eb from 
literature /15 / for 

Nil8Crl2AlY type bond coat, 
GPa 

1. As received A RT-25 209 
206 

2. As received Β RT-25 209.17 
206 

3. Oxidised at 
1273 Κ for 
200 hours 

A RT-25 207 

204 

4. Oxidised at 
1273 Κ for 
200 hours 

Β RT-25 206 

204 

5. As received Β 800 182.6 175 

the crack to penetrate the bond coat compared to the as 
received TBCs and this is also probably due to 
microstructural toughening of the oxidized sample as 
has been discussed above. Earlier work /16/ had 
reported room temperature impact toughness of 200 χ 
104 J/m2 for Inconel 617. Due to the differences in the 
crack tip loading rates i.e. due to dynamic effects the 
impact toughness value of Inconel 617 reported /16/ at 
room temperature is higher than the strain energy 
released at the bond coat/TBC interface in monotonic 
loading for as received FPB composite specimens in the 
present investigation. 

For growth of stable cracks in brittle materials (e.g. 
ceramics, bond coat), notched and precracked 
specimens are usually desired. In the present situation, 
the TBC (ceramic layer) already has flaws like 
microcracks and porosities. Application of load 
generates stable crack extension because several sources 
of energy dissipation become activated, e.g. crack 
deflection, crack arrest in pores, crack bridging and 
further micro cracking. The crack path trajectory 
recorded and printed by a video scanner for RT tests and 
by a sophisticated camera system attached to the 
microscope for 800°C tests is shown in Figs. 6-9. The 
crack propagation behaviour of the ceramic thermal 

barrier coatings (TBCs) at room temperature in as 
received and oxidised conditions revealed /2,3/ that 
cracks grow linearly in the TBC with increase in 

Fig. 6a:Typical crack path trajectory in the TBC 
(ceramic layer) and in the bond coat in crack 
propagation studies under bending at RT of 
Type 2 (source B) composite beam specimen. 
Crack branching in the TBC, crack tip blunting 
at the interface of bond coat/substrate and the 
presence of deformation twins are revealed in 
the substrate. 
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50 μ» I crack within the bond coat, indicative of enormous 
plastic deformation ahead of the crack front at the bond 
coat/substrate interface and formation of deformation 
twins in the metal substrate in the RT tests (see Figs. 6b 
and 7c). The crack front also revealed blunting of the 

Fig. 6b: The TBC (ceramic layer) has spalled at a 
deflection 1150 μπι in crack propagation 
studies of Type 2 (source B) composite beam 
specimen, at RT. The crack front is seen to 
penetrate more or less vertical into the bond 
coat. Crack tip blunting at the interface of bond 
coat/ substrate and a huge plastic deformation 
is seen in the substrate. 

bending load until about the yield point of the 
superalloy is reached. Approaching the interface 
between the TBC and the bond coat, a high threshold is 
required to propagate the crack further into the bond 
coat. Once the threshold is surpassed, the crack grows 
rapidly into the brittle bond coat without an appreciable 
increase in the load 12,21. It clearly infers that as the 
crack front penetrates the bond coat, there is a 
substantial amount of deflection with propagation of the 

Fig. 7: Typical crack path trajectory in crack 
propagation studies under bending at RT for 
Type 4 (source B) composite beam specimen in 
heat treated condition (oxidised at 1273 Κ for 
200 hours). 

(a) Crack propagation in the TBC. The crack is 
found to initiate from a surface pore in the 
TBC. The crack frequently branches in the 
TBC. 

(b) The crack front penetrates the A1203 layer at 
the interface of TBC/ bond coat and then into 
the bond coat. Arrow indicates the A1203 layer. 
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Fig. 7c: Crack path trajectory in the in the bond coat in 
crack propagation studies at RT of Type 4 
(source B) composite beam specimen in heat 
treated condition (oxidised at 1273 Κ for 200 
hours). The crack front penetrates vertically 
into the bond coat from the TBC (top most 
layer). The substrate reveals substantial 
deformation twins. 

crack tip at the bond coat/substrate interface indicative 
of high ductility of the material. It also implies that the 
crack, to propagate further in the substrate, requires a 
very high bending load. At 1073 K, the crack is found to 
propagate only in the TBC (Figs.8 and 9), as the ductile 
bond coat protects the metallic component from thermal 
loads, offers an attractive sink for stress relaxation and 
becomes ductile at high temperature. This is indicative 
of the high strain (0.34 %) at the interface of bond coat/ 
TBC at 1073 Κ compared to the RT bend tests of the 
composite beam specimens (Table 2 and Fig. 2a). There 
was no spall ing of the TBC for the composite beam 
specimen from source A, in any of the bend tests at RT 
and in the high temperature (1073 K) test 12,hi from 
both the sources. Effects of bond coat oxidation on 
crack propagation in the interface regime had been 
discussed /2,3/. 

It is noteworthy that the crack path trajectory in the 
TBC (ceramic layer) often showed crack branching and 
crack deflection (Figs. 6a, 7a, 8 and 9). Generally for 
materials with R- curve type behaviour, this is a well 

Fig. 8: Typical crack path trajectory in the TBC at 
1073 K. Crack growth at 1073 Κ was confined 
only to the TBC (ceramic layer). 

established phenomenon and it could partly account for 
the rising trend in the KR (fracture resistance) values 
/17-21/. It should also be noted that deformation in the 
TBC and that in the bond coat pertained to the elastic 
limit and plastic limit of the load versus deflection 
curves respectively. Although in the Type 5 composite 
beam specimen there was a huge deflection (Figs.2a and 
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the bond coat compare well with experimental 
determinations reported in literature, for tests conducted 
at room temperature. However, a minor deviation was 
obtained in the case of bend tests at high temperature. 

Fig. 9: The in situ micrograph demonstrates that crack 
propagation at 1073 Κ was restricted only to 
the TBC (ceramic layer). This micrograph 
shows the crack path trajectory of a propagated 
crack in another region of the TBC 111. 

2b), the crack front never penetrates the bond coat 
(Figs.8 and 9), as the bond coat is ductile at 1073 K. 
Therefore in the high temperature (1073 K) test, since 
the bond coat is ductile and crack propagation is 
confined only to the TBC (ceramic layer), the strain 
energy released at the interface of bond coat/TBC was 
considerably less (5.40 χ 104 J/ m2) as shown in Table 2. 

The design process of a TBC needs to establish 
criteria for acceptability from the point of view of 
delaying crack initiation and propagation processes. On 
the other hand, since the function of a TBC is to protect 
metallic substrates from high temperatures, the thermal 
resistance of the coating is also an important 
consideration II II. Therefore, the design of a TBC is a 
complex process and one has to consider the thermal 
loading and other conditions that can be vastly different 
from one application to another. 

5. CONCLUSION 

An analytical model for the prediction of elastic 
modulus of a multi layered beam has been developed. 
Four point bend test data can thus be used for the 
theoretical prediction of Ε values of the bond coat in the 
bend tests for TBCs conducted experimentally. From 
the results it is apparent that the Ε value predictions of 
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