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Thermal barrier coatings (TBCs) are employed to protect metallic components from heat, oxidation, and
corrosion in hostile environments. In this paper Ni-20Cr bond coat followed by CaZrO3 top coat was
deposited on 316 stainless steel substrates by air plasma spray coating technique. Isothermal treatment of
coated samples was carried out to investigate the effect of heat exposure on the microstructure and
metallurgical phase changes of TBCs system. The fractured surface of as-sprayed and delaminated
CaZrO3 coatings was also studied to observe the splats morphology, structural defects, and lamellas
internal microstructure. CaZrO3 coating was found to be stable for 100 h at 700 �C but accelerated
degradation was observed at 900 �C even at 20 h and lead to delamination after 60 h of exposure time.
Chromium rich oxide formation was found to be responsible for the complete delamination of the top
coat. Further, the formation of meta-stable monoclinic phase was also observed on the top surface of the
top coat.

Keywords calcia-stabilized zirconia, nickel rich bond coat,
plasma spraying

1. Introduction

Many industrial processes work in highly hostile envi-
ronments such as high temperature, high pressure, fluc-
tuating stresses (mechanical loads), etc., which are also
oxidizing and corrosive in nature. Gas turbine engine used
in power generation, aircraft, and marine propulsion are
few examples of these processes (Ref 1–3). Metallic parts
used in such processes should have the capability to en-
dure harsh environment without failure. Stainless steels
and superalloys are the candidate materials for some
diesel engines and gas turbines, respectively, and since
1965 a lot of progress has been made in developing alloys
for high temperature applications (Ref 4, 5). The super-
alloys with excellent properties of high-temperature
strength, oxidation and hot-corrosion resistance have been
used in polycrystalline, directionally solidified and single
crystal forms at the maximum limit but cannot survive in
extreme conditions due to high working temperature
(close to melting point of alloys) and oxidation/corrosion
failure (Ref 2, 6). This shows that strengthening of alloys

cannot contribute fully to avoid component damage. The
possible solution to improve and extend the life of mate-
rials is the coating technology. Thermal barrier coatings
(TBCs) system protects the metallic components from
heat, wear, oxidation, and corrosion (Ref 7–13). The TBCs
system makes it possible to improve the component life
and performance by either reducing its surface tempera-
ture (~170–200 �C) or by increasing gas temperature
(~100–300 �C) which results in fuel saving and increases
the engine thrust and efficiency up to 5 and 1%, respec-
tively (Ref 3–8, 10–12, 14–20).

TBCs system has complex structure and usually consists
of four layers, metallic substrate, bond coat (BC), thermally
grown oxide layer (TGO), and top coat (TC) (Ref 18). It has
been reported that at high temperature, oxygen and some
destructive species are transported through ceramic top
coat which can damage metallic parts (Ref 6, 15, 21).
Metallic bond coat, 70–150 lm in thickness is used to pro-
tect the substrate from high temperature oxidation and
corrosion. It improves adhesion of ceramic top coating by
providing rough surface for mechanical bonding and further
minimizes the coefficient of thermal expansion (CTE)
mismatch between substrate and top coat (Ref 4, 22). The
typical bond coat materials used in TBC systems are Ni-Cr,
Ni-Al, Ni-Cr-Al, Ni-Al(Pt), MCrAIY (M = Ni, Co or Ni +
Co) (Ref 6). The NI-20Cr coating has excellent corrosion
resistance (i.e., corrosion by sulfur and vanadium at high
temperature) and is widely used for the protection of
metallic parts in high temperature plants. The mechanical
properties of Ni-Cr are good enough and have better
adhesion, wear, and erosion resistance (Ref 23). The char-
acteristic properties of top coat are high melting point,
excellent thermal stability, good erosion resistance, high
CTE, and low thermal conductivity (Ref 6). The candidate
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materials employed for the top coating of TBC systems are
stabilized zirconia. Zirconia can be stabilized by MgO,
CaO, Y2O3, CeO2, etc., and among them ZrO2–Y2O3

(YSZ) has been recognized as an outstanding material for
last few decades but, it is comparatively more expensive
(Ref 12, 24, 25). However, in some gas turbines CaO- and
MgO-stabilized ZrO2 has been used at high temperature of
1273 K (Ref 25).

Recently, it has been reported that CaZrO3 with
perovskite structure has the low thermal conductivity
(~2 W/m K) which is even improved as compared to YSZ

(Ref 7, 14). Moreover, CaZrO3 is considered as the most
stable compound having low cost and showing good cor-
rosion resistance in KOH and mixture of NaVO2 and
Na2SO4 corroding conditions (Ref 26). This shows that
CaZrO3 has the great potential to be used as top coat
materials for appropriate applications. The use of CaZrO3

plasma coating in diesel engine for the combustion
chamber, cylinder head, and valve has been reported to
reduce the heat losses to cooling system, enhancement in
component life, fuel saving, and improvement in thermal
efficiency (Ref 27, 28).

In the previous work on CaZrO3 coatings no systematic
research has been conducted to study effect of long ele-
vated temperature exposure on their life and durability. In
the present study the TBC system consists of stainless
steel substrate on which Ni-Cr bond coat and top coat of
CaZrO3 are deposited by APS process. The atmospheric
isothermal treatments of TBC system were carried out to
ascertain the effects on their microstructures, phases, and
delamination behavior.

2. Experimental

The stainless steel AISI 316 discs of size 25 mm in
diameter and 5 mm in thickness were used as substrate
material for the coatings. The composition of substrate
material is given in Table 1. The substrate was grit blasted
with Al2O3 particles for 4 min and substrate surface
roughness of 3.3 to 5.0 lm (Ra) was achieved after grit
blasting. During the grit blasting the air pressure was 80
psi and the angle between the substrate surface and nozzle
was about at 90�. Air plasma spray (APS) technique was
used to deposit both the bond coat and ceramic top
coating. For plasma coatings stainless steel cylindrical
holder (SCH), 200 mm in diameter and 4 mm in thickness
was used to get uniform coatings and good control of
substrate temperature. In this SCH there were 32 uni-
formly distributed holes in which disc-shaped samples
were held by screws.

Powder used for bond coat (BC) was Ni-20Cr (wt.%)
with average particle size of 40 ± 10 lm. The commer-
cially graded CaZrO3 ceramic powder having composition
(wt.%) ZrO2-31CaO was used for top coatings (TC).

Table 1 Chemical composition of substrate material

Elements

Weight percentage

Substrate AISI 316(a)

Fe Bal Balance
Cr 17.38 16-18
Ni 10.72 10-14
Mo 1.82 2-3
Mn 1.21 £ 2.0
Si 0.55 £ 1.0

(a) Nearest standard

Fig. 1 CaZrO3 ceramic powder used for top coat

Fig. 2 Schematic showing the arrangement for APS coating system
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The CaZrO3 particles were irregular and elongated in
shape with average size of 45 ± 15 lm (Fig. 1).

During the plasma coating the samples were rotating at
250 rpm while the plasma torch was moving with uniform
speed in to and fro manner along the rotating x-axis of
SCH (Fig. 2). The plasma gun of 40 kW was used for
plasma coatings. The standoff distance for bond coat and
ceramic coating was 125 and 100 mm, respectively.
Freshly grit blasted samples were air plasma sprayed
(APS) and the main parameters of plasma spraying are
given in Table 2. The temperature of the substrate during
the plasma coatings was maintained at the optimum level
by using compressed air at 10 psi pressure. The coating
temperature after bond coat and top coat was recorded as
30 and 115 �C, respectively.

For isothermal treatment the coated samples were heat
treated in box type furnace at 700, 800, 900, and 1000 �C
for 5, 10, 20, 60, and 100 h and then cooled down in the
furnace. This long heat treatment was carried out in steps,
each having span of 6 h.

The microstructures of the coatings were observed
using optical microscope and Jeol Scanning Electron
Microscope (SEM). For this purpose the samples were
prepared both in cross-sectional direction and top direc-
tion. For analyzing the ceramic coatings in SEM, gold was
sputtered on the polished surfaces of samples to make
them conductive. Chemical composition profiles in heat
treated and as-sprayed sample were determined by
Energy Dispersive Spectroscopy (EDS). Further the
fractured surface and top surface of the coatings was also
observed under the SEM. Philips X-ray diffractometer
(XRD) using Cu Ka source was used to determine the
phases in the coating system in as sprayed and heat treated
condition.

3. Results and Discussion

3.1 Microstructure of Coating System

3.1.1 As-Sprayed Coating. The top surface of CaZrO3

coating of as-sprayed sample demonstrated rough surface
with few semi-molted particles (SMP), Fig. 3. Further,
cracks and porosity like features were also observed in the
same surface. These are typically observed in these types
of ceramic coatings (Ref 29).

The cross-section of the as-sprayed coating system
demonstrates the thickness of top coat and bond coat,
Fig. 4a. It revealed that the top coat and bond coat have
180 ± 20 and 70 ± 10 lm thickness, respectively. In gen-
eral, the top coat has porosity with lamellar structure,

Table 2 Constant spraying parameters for bond coat and top coat

Type
of coat Current, A Voltage, V

Gas flow

Feed rate,
lbs/h

Primary gas
(Ar) (SCFH)

Secondary gas
(H2) (SCFH)

Carrier gas
(Ar) (SCFH)

Bond coat 400 47 180 20 26 14
Top coat 500 48 180 20 40 6

Fig. 3 As-sprayed coating showing the top view of the top coat

Fig. 4 (a) Cross-section of the as-sprayed coating showing the
thickness and general features of bond coat and top coat. (b)
Oxidized chromium flakes in the bond coat

Journal of Thermal Spray Technology Volume 21(1) January 2012—123

P
e
e
r

R
e
v
ie

w
e
d



Fig. 4a. It was observed that some grayish flake-like fea-
tures (~0.2 lm thick) were present in the bond coat,
Fig. 4b. These were confirmed by EDS and were found
rich in chromium and oxygen contents. The chromium
oxide was probably formed during the air plasma spraying.
This is also true for other types of bond coats sprayed by
this technique (Ref 30, 31).

3.1.2 Microstructure After Heat Treatment. The sam-
ples exposed at 700 �C for 100 h demonstrated that there
was no significant affect on the coating system. Figure 5
shows the cross section of the sample heat treated at
700 �C for 100 h. It was observed that for this heat treat-
ment cycle, the interface of bond coat and top coat re-
mained intact and stable. Moreover no crack was observed
in the topcoat. A chromium-rich oxidized layer was
identified close to the interface of bond coat and top coat
whereas its thickness was about ~0.9 lm (Fig. 5). This
layer was not observed in as-sprayed system. The thick-
ness of chromium-rich oxidized layer increased to
~1.5 lm, when the samples were exposed at 800 �C for
100 h, Fig. 6. Further, on closely observing the sample
exposed at 800 �C for 100 h it revealed that a crack was
initiated as shown in Fig. 7. The cracking seemed to be
started from the interface of bond coat and top coat.

Some type of crack was observed after 10 h when the
samples were exposed at 900 �C (Fig. 8a) and became
evident after 20 h (Fig. 8b). This delamination occurred
close to the interface of bond coat and top coat. The
delaminated side of the coating was investigated under
SEM for analyzing its composition and microstructure.
Figure 9 shows the schematic view of the delaminated top
coat.

On observing the bond coat side of delaminated top
coat, it was observed that the patches of the bond coat
were present along with the fractured calcium zirconate
top coat. These bond coat patches had isolated zones of
chromium oxide, Fig. 10.

This leads to the fact that the formation of chromium
oxide at the interface of bond coat and top coat played an
important role in the delamination of top coat. It was

observed that the Cr-rich oxide layer continuously grew at
the interface of the bond coat and top coat with temper-
atures, Fig. 11.

It was noted that the effect of temperature was not
significant at 700 and 800 �C but has a pronounced effect
at 900 and 1000 �C. It is worth to mention here that in
Fig. 11, the values at 700 and 800 �C are taken after
exposure of 100 h, while at 900 �C (Fig. 8b) and 1000 �C
(Fig. 12) are after 20 h. This is because the coating of
samples exposed at 900 and 1000 �C for longer time were
delaminated. The growth in oxide developed stresses that
influence the mechanical as well as protective properties
of the scale. During growth, re-crystallization may occur in
either metal or oxide to alter the stress situation radically.
Thus the growth of chromium oxide at the interface of
bond coat and top coat increased the stress level (Ref 5)
and initiated a crack which propagated easily in a struc-
turally weak top coat. The top coat was structurally weak
because large number of porosity was present.

Fig. 5 Interface of bond coat and top coat after exposure at
700 �C for 100 h

Fig. 6 Chromium-rich oxide layer in sample treated at 800 �C
for 100 h

Fig. 7 Crack formation in sample treated at 800 �C for 100 h
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It was further noticed that the samples exposed at
900 �C started to delaminate layer by layer from the top
surface, Fig. 13. The probable reason of this phenomenon
is explained in section of phase analysis.

There was no apparent affect on the substrate and bond
coat interface at 700 and 800 �C, however, at high tem-
perature it revealed that the diffusion of different ele-
ments took place. The concentration profiles were
estimated for Fe, Ni, and Cr across bond coat and sub-
strate interface as these elements showed high mobility. It
was observed that the sample treated at 700 �C showed no
diffusion of elements even after 100 h. However, after
exposure at 800 �C for 100 h (Fig. 14a) and 900 �C for
20 h (Fig. 14b), it was revealed that the Fe diffused into
bond coat and Ni diffused out to substrate. This elemental

Fig. 8 (a) Crack growth as function of time for sample treated at 900 �C for 10 h. (b) Crack growth as function of time for sample
treated at 900 �C for 20 h

Top surface

Bond coat side 
(delaminated side)

Side view 
of fractured 
coating

Fig. 9 Schematic of delaminated top coat
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Fig. 10 Delaminated top coat showing the interface of top coat
and bond coat. The chromium oxide region present at the centre
of the coating, some portion of bond coat (encircled) still intact

Fig. 11 Change in thickness of chromium-rich oxide layer with
temperature

Fig. 12 Chromium-rich oxide layer in sample heat treated at
1000 �C for 20 h

Fig. 13 Cross-sectional side of samples heat treated at 900 �C
for 20 h

Fig. 14 (a) Chemical composition profiles across the bond coat
and substrate interface for samples heat treated at 800 �C for
100 h. (b) Chemical composition profiles across the bond coat
and substrate interface for samples heat treated at 900 �C for
20 h. (c) Chemical composition profiles across the bond coat and
substrate interface for samples heat treated at 1000 �C for 20 h
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diffusion of Fe and Ni at the interface of bond coat and
substrate clearly affects the mechanical/adhesion proper-
ties of the coating. At 1000 �C, the mobility of elements
became more significant, Fig. 14c, and after 20 h Fe and
Ni are clearly diffused from substrate to bond coat and
bond coat to substrate, respectively.

3.2 Fractrography

Microstructure observations were also made on the
fracture surface of the top coat. For this purpose the top
coat was fractured and fresh fracture surface was observed
under the SEM.

It was revealed in as-sprayed top coat, that the thick-
ness of lamellas was not more than 3 lm, taking the shape
of substrate contours. A columnar microstructure was
observed within the lamella, growing from bottom to top,
indicating the heat deception direction. It was noted that
the thickness of the individual columnar grain was about
40 ± 20 nm, Fig. 15.

It was also observed that a lot of smooth features (Fig. 16)
were present within the coating indicating that these were
porosities which revealed upon fracture. Some cracks were
also found within the fracture which might be formed during
stress relaxation on solidification of semi-molten splats.

Samples treated at high temperature demonstrated an
interesting feature; it was observed that a fine elongated
microstructure present within the splat grew in thickness after
long exposure at high temperature, Fig. 17. The thickness of

the elongated grain for as-sprayed coating was only
40 ± 20 nm which became 90 ± 30 nm after 60 h at 900 �C.
The growth of structure is an important aspect because it may
affect the mechanical properties of the top coat.

Further, it was noted that the cracks present in the
as-sprayed coated sample became more prominent upon
thermal treatment, Fig. 18. This may be due to relaxation
of stresses which were still present in the coating. The
coatings treated at high temperatures, i.e., 900 and
1000 �C also showed sintering features, Fig. 19.

Fig. 15 The fractured surface of the top coat of as-sprayed sample

Fig. 16 The fractured surface of the top coat of as-sprayed
sample showing the smooth features and cracks
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3.3 Phase Analysis

In as-sprayed samples, the XRD results revealed that
the top coat is made up of ortho-rhombic phase with
minor amount of cubic phase (Fig. 20). Formation of cubic
phase in top coat was not due to melting and spraying but
was already present in the calcium zirconate powder,
Fig. 20.

The top coat when isothermally heat treated at 700 �C
showed no change in metallurgical phases and remained
same after 100 h, Fig. 21. At 800 �C, in the first few hours,
no change in phase was observed but after 10 h exposure
small amount of metastable monoclinic CaZr4O9 phase

Fig. 17 The columnar structures after 60 h exposure at 900 �C

Fig. 18 The cracked lamella observed after 100 h exposure at
900 �C

Fig. 19 Sintering features observed after 40 h exposure at
1000 �C
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Fig. 20 XRD pattern of as-sprayed sample with powder sample
showing CaZrO3 and cubic phase

10 20 30 40 50 60 70 80 90 100 110

o•• ooooo
ooo

o
o

•

2 Theta

As-Sprayed

700°C-5h

700°C-10h

700°C-20h

700°C-60h

700°C-100h

o

O-Orthorhombic CaZrO3

•-Cubic ZrO2

Fig. 21 Comparison of XRD patterns for the samples exposed
at 700 �C for different times with as-sprayed sample
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appeared, Fig. 22. The amount of CaZr4O9 continuously
increased and after 100 h of exposure it became 47%. The
phase transformation is further evident in sample heat
treated at 900 �C for 20 h, Fig. 23, and CaZr4O9 was
measured up to 64%.

The diffraction of main peaks for the d values, d = 3.14
and d = 1.94 for monoclinic phase and d = 2.86 for ortho-
rhombic phase were found in the 2h range between 28.4�
and 46.9�. The volume fraction, Vm of the monoclinic

phase was calculated according to the Toraya et al. (Ref
32, 33) method, where Vm is:

Vm ¼ P � Xm=1þ P� 1ð ÞXm ðEq 1Þ

where the value of P was calculated by Toraya et al. (Ref
32, 33), as 1.3 and for the monoclinic-tetragonal system,
Xm is the integrated intensity ratio defined by:

Xm ¼ Im d ¼ 3:14ð Þ þ Im d ¼ 1:94ð Þ=Im d ¼ 3:14ð Þ
þ Im d ¼ 1:94ð Þ þ Io d ¼ 2:86ð Þ

ðEq 2Þ

where I is the integrated intensity from the monoclinic (m)
and orthorhombic (o) phases.

It seems that there is a great role of CaZr4O9 phase in
delamination of the top layers of top coat. CaZr4O9 is a
meta-stable monoclinic phase (Ref 26), generally the
formation of monoclinic phase is associated with volu-
metric changes. The transformation of orthorhombic to
monoclinic are associated with stresses which leads to
delamination of the upper most layers of the top coat. The
formation of CaZr4O9 started to form preferentially in
those regions which were maximum exposed to atmo-
sphere at high temperature. However, it is interesting to
note that the complete delamination of the top coat is not
due to the formation of meta-stable monoclinic phase
since no such phase was observed on the delaminated side
of the topcoat, Fig. 24.

The samples exposed at 1000 �C showed no formation
of CaZr4O9 phase after long exposure, Fig. 25, This is, as
explained earlier, due to the fact that meta-stable mono-
clinic formed on the surface quickly and then forced the
upper most layers of the top coat to delaminate and newly
exposed surface, which left over, not demonstrated peak
of CaZr4O9.
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Fig. 22 Comparison of XRD patterns for the samples exposed
at 800 �C for different times and the as-sprayed sample. The
emergence of CaZr4O9 is visible at different stages
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Fig. 23 Comparison of XRD pattern showing the emergence of
CaZr4O9 phase at 900 �C for different exposure time
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Fig. 24 Comparison of XRD pattern showing the emergence of
CaZr4O9 phase at 900 �C for 5, 10, and 20 h and absence of
CaZr4O9 phase after delamination when exposed at 900 �C for 60
and 100 h
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4. Conclusions

� The 31% CaO-stabilized zirconia coating demon-
strated that there is no significant affect up to 700 �C
for 100 h of exposure. However, increase in temper-
ature drastically deteriorates the top coat.

� The columnar grains observed in lamella were con-
tinually grown with time and temperature.

� Two modes of top coat failures were observed in
CaO-stabilized zirconia coating. Firstly, layer by layer
delamination of top coat and secondly, the complete
delamination of the top coat at the interface of the
bond coat and top coat. The first type of failure was
due to the formation of metastable monoclinic, CaZ-
r4O9 phase and the second was due to the growth of
chromium-rich oxide layer.

� The bond coat and substrate interface demonstrated
the diffusion of different elements which may alter the
mechanical properties of interface.
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