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Superalloy substrates coated with plasma-sprayed CoNiCrAlY bond coats and yttria-stabilized zirconia top
coats (TCs) have been subjected to a high heat flux under a controlled atmosphere. The sintering exhibited
by the TC under these conditions has been studied and compared with the behavior observed during iso-
thermal heating. Sintering has been characterized by (a) microstructural examinations, (b) dilatometry, in
both the in-plane and through-thickness directions, and (c) stiffness measurements, using both cantilever
bending and nanoindentation. A numerical model has been used to explore the stress state under isothermal
and thermal gradient conditions. Dilatometry data indicate significant linear contractions during holding at
elevated temperatures, particularly in the through-thickness direction. This is largely attributed to micro-
structural changes associated with sintering, with any volume changes due to phase transformations making
relatively small contributions. Sintering proceeds faster at higher temperatures but is retarded by the pres-
ence of tensile stresses (from differential thermal expansion between the coating and substrate) within the
TC. Thus, it occurs preferentially near the free surface of the TC under gradient conditions, not only due to
the higher temperature, but also because the in-plane stress is more compressive in that region.

Keywords high thermal gradient, sintering, stiffness, thermal
barrier coatings, thermal conductivity

1. Introduction

The failure of thermal barrier coatings (TBCs) commonly oc-
curs as a result of the buckling and spalling of the top coat
(TC).[1-7] The strain tolerance of the TC is important, and this
has been extensively studied for both electron beam physical
vapor deposition (EB-PVD) and plasma-sprayed (PS) systems.
For PS TCs, this strain tolerance is enhanced by the high com-
pliance, which is largely a consequence of the presence of many
fine microcracks and pores in the microstructure. This low stiff-
ness inhibits the buildup of large stresses and hence limits the
driving forces for spallation. Recent work[8-12] has confirmed
that, while air PS (APS) and vacuum-plasma-sprayed (VPS)
TCs have low in-plane Young’s moduli in the as-sprayed state,
the stiffness rises substantially during holding at elevated tem-
peratures as a consequence of sintering phenomena. This stiff-
ening will raise the strain energy release rate associated with a
given misfit strain and hence will make spallation more likely.
Furthermore, sintering also raises the thermal conductivity, re-
ducing the thermal protection provided by the TBC. There also
has been extensive previous work on the phase changes[13-15]

that take place in PS ZrO2-Y2O3 coatings during exposure to
high temperature, and this may be relevant to some aspects of
their performance.

It is also important to recognize that service conditions in-
volve the presence of a high through-thickness thermal gradient,
which will modify the residual stress distribution. This will af-
fect the driving force for spallation and might also be expected to
influence the sintering characteristics. This article is aimed at
investigating the thermomechanical stability of TBCs, with par-
ticular reference to the effect of a high thermal gradient.

2. Experimental Procedures

2.1 Coating Production

The powders were supplied by Sulzer Metco (Westbury,
NY). The bond coat (BC) material, designated Amdry 995/C,
has a nominal composition (in wt.%) of Co32Ni-21Cr-8Al-
0.5Y. The TC was yttria partially stabilized zirconia (YPSZ)
(ZrO2-7.6 wt.%Y2O3), designated 204NS-1. These were depos-
ited onto 50 mm thick Nimonic 80A (Special Metals Limited,
Hereford, UK) substrates and mild steel substrates of 1.5 mm
thickness. Specimens were produced by VPS of the BC, fol-
lowed by APS of the TC, using the conditions shown in Table 1.
The BCs were about 140 µm in thickness, and the thickness of
the TCs varied between about 1.5 and 2.6 mm.

2.2 Heat Treatment

A schematic of the high thermal gradient rig is shown in Fig.
1. The base of the substrate was brazed to a water-cooled copper
block. Insulation was placed around the specimen to minimize
lateral heat losses. The graphite susceptor could be lifted away
from the induction coil by a hydraulic ram, allowing thermal
cycling of the specimen. The thermal gradient was monitored
and controlled by four thermocouples embedded in the sub-
strate. The temperature in the TC was monitored using a ther-
mocouple that was inserted into a laser-drilled hole parallel to

S.A. Tsipas, I.O. Golosnoy, and T.W. Clyne, Department of Materials
Science & Metallurgy, Cambridge University, Pembroke Street, Cam-
bridge CB2 3QZ, UK; and R. Damani, Sulzer Innotec, Postfach 65,
CH-8404 Winterthur, Switzerland. Contact e-mail: twc10@cam.ac.uk.

JTTEE5 13:370-376
DOI: 10.1361/10599630420380
1059-9630/$19.00 © ASM International

370—Volume 13(3) September 2004 Journal of Thermal Spray Technology

P
ee

r
R

ev
ie

w
ed



the BC/TC. The laser-drilled hole was 2 mm deep and was
drilled using a pulsed Nd-YAG laser with wavelength � =1.06
µm, 0.5 ms pulse duration, and energy of 2.5 J per pulse.

The holding time at temperature for each thermal cycle was 1
h, and samples were allowed to cool to room temperature before
being reheated. Heating rates were ∼20 K/min, and cooling rates
were ∼30 K/min. Typical TC temperatures during the gradient
heat treatments applied in the present work ranged from about
1500 °C at the free surface to 900 °C at the interface. A vacuum
of 2 × 10−4 mbar was maintained throughout. Isothermal heat
treatments of detached samples in air also were performed at
temperatures in the range 1200-1400 °C.

2.3 Dimensional, Stiffness, and Microstructural
Changes

2.3.1 Dilatometry. Length changes during heat treatment
were measured with a DIL 402C dilatometer (Netzsch, Selb, Ger-
many). Dilatometry was performed on detached TCs, in both the
in-plane and through-thickness directions. TCs were first detached
from steel substrates using hydrochloric acid.

2.3.2 Stiffness Measurement. Stiffness measurements
were made using both cantilever bending and nanoindentation.
Details of the cantilever bend testing are given elsewhere.[12]

Nanoindentation was carried out on polished transverse sec-
tions, using a NanoTest 600 indenter (MicroMaterials Ltd.,
Wrenham, UK). All indentations were made with a Berkovich
diamond indenter. Regions remote from obvious microcracks
and pores were chosen for performing indentations. The maxi-
mum load was 100 mN, and the loading rate was 5.1 mN/s.

2.3.3 X-Ray Diffraction. X-ray diffraction (XRD) for
phase identification and lattice parameter measurement was car-
ried out using a computer-controlled diffractometer (PW3020
diffractometer, Philips, Almelo, The Netherlands), with CuK�
radiation (� = 0.154 nm). The (400)tet, (004)tet, and (400)cub peak

Table 1 Plasma Spraying Parameters

Spraying Parameters

Deposit Material

CoNiCrAlY ZrO2-Y2O3

Type of spraying VPS APS
Spraying distance, mm 270 105
Arc current, A 500 750
Voltage, V 50 60
Gun speed, mm/s 100 55
Nozzle diameter, mm 8 8
Ar flow rate, L/min 50 50
H2 flow rate, L/min 10 8
Chamber pressure, mbar 200 (Ar) 1000 (air)

Fig. 1 Schematic illustration of the high thermal gradient rig

Fig. 2 SEM micrographs of the fracture surfaces of ZrO2-Y2O3 TCs (a) as-sprayed and (b) after isothermal heat treatment at 1300 °C for 100 h
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positions were used for the calculation of lattice parameters, a
for the cubic phase and a and c for the tetragonal phase. The
Y2O3 contents of the tetragonal and cubic phases were calcu-

lated from these measured lattice parameters, respectively, using
the following equations,[16,17] where a and c are expressed in
nanometers:

Fig. 3 SEM micrographs of a ZrO2-Y2O3 TC after exposure to a high thermal gradient for 17 h (a) near the TC/BC interface and (b) near the TC outer
surface

Fig. 4 XRD spectra in the 2� range 27-32° and 72-75° for ZrO2-Y2O3 TC (a) and (b) as-sprayed and (c) and (d) after gradient heat treatment, near
the interface with the BC (which was at about 900 °C)
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mole% YO1.5 in tetragonal phase =
1.0223 − c�a

0.001309
(Eq 1)

mole% YO1.5 in cubic phase =
a − 0.5104

0.0204
(Eq 2)

3. Microstructural Changes

3.1 Scanning Electron Microscope Examination

3.1.1 Isothermal Heat Treatment. Figure 2 shows scan-
ning electron microscope (SEM) micrographs of fracture sur-

faces of YPSZ, before and after heat treatment. As-sprayed coat-
ings exhibit the characteristic splat structure of PS coatings. The
grain structure within individual splats is columnar. Micro-
cracks and pores are also present. Heat treatment results in grain
growth, often bridging interfaces between splats in close physi-
cal proximity. There is also evidence of the healing of through-
thickness microcracks.

3.1.2 Heat Treatment With a High Thermal Gradient.
Figure 3 shows SEM micrographs of the TC after heat treat-

ment with an imposed thermal gradient. It can be seen that, near
the TC/BC interface, there has been little or no sintering. Micro-
cracks are still present, and the bonding between splats is poor.
Grains in individual splats have maintained their columnar
structure. Near the free surface of the TC, on the other hand,
pronounced sintering has taken place. There has been extensive
healing of microcracks, and grain growth has occurred, with
many grains becoming both larger and more equiaxed in mor-
phology.

3.2 Phase Constitution

XRD spectra are presented in Fig. 4 and 5, covering 2� ranges
in which characteristic peaks appear when the tetragonal, mono-
clinic, and cubic phases are present. Figure 4 shows that essen-
tially only the nontransformable tetragonal T� phase is present in
the as-sprayed TC. This is also true for the thermal gradient
treated material close to the interface with the BC. The K�1 and
K�2 components of the T� peaks can be distinguished. The non-
transformable T� tetragonal phase results from a diffusionless
shear transformation directly from the cubic state, due to the
rapid cooling of the molten splats during spraying. Just a trace of
the monoclinic phase is evident in these scans.

Figure 5(a) shows that, after holding at 1300 °C for 100 h, the
tetragonal T� phase has decomposed to a mixture of low-yttria
tetragonal T1� (deduced from the XRD data to have a composi-
tion of 1.7 wt.% Y2O3), high-yttria cubic (F) (13 wt.% Y2O3),
and T2� with an intermediate composition (6.3 wt.% Y2O3). This
results from diffusional segregation of the yttria to lower and

Fig. 5 XRD spectra, with deconvoluted peaks and differential plots
(showing the deviation between the measured and modeled spectra).
The plots cover the 2� range 72-75° for ZrO2-Y2O3 TCs, (a) after iso-
thermal heat treatment for 100 h at 1300 °C and (b) after thermal gra-
dient heat treatment, near the free surface (which was at about 1500 °C).

Fig. 6 Dilatometry plots obtained during heat treatment of detached
TCs
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higher yttria regions, with corresponding changes in the c/a ra-
tio.[13] (Of course, it must be recognized that some changes in
phase constitution, and possibly in the composition of the
phases, will have occurred during cooling to room temperature.)
In the thermal gradient treated material near the free surface
(which was probably being held at about 1500 °C), on the other
hand, the XRD spectrum (Fig. 5b) indicates a mixture of low-
yttria and high-yttria tetragonal phases (T1� and T2�), having com-
positions of 2.2 wt.% Y2O3 and 11.8 wt.% Y2O3, respectively,
with no residual cubic phase. It is not entirely clear why no cubic
phase survives down to room temperature after holding at about
1500 °C, while quite a significant amount is present after hold-
ing at 1300 °C, since the phase diagram indicates that more cubic
material should be present at the higher temperature. However,
this behavior has been reported[13,15] previously, particularly if
the cooling rates were high (as they were in the present work),
although no explanation has been put forward for the observa-
tion that a higher heat treatment temperature results in less re-
sidual cubic phase. One possibility is that, since the cubic phase
forming at higher holding temperatures is expected to have a
lower yttria composition than if it had formed at lower tempera-
tures, this may render it more liable to transform during rapid
cooling.

3.3 Dilatometry

Dilatometry data are presented in Fig. 6. The linear contrac-
tion is plotted against time at temperature. Contraction (shrink-
age) occurs due to sintering of the coatings. For a given direc-
tion, the sintering is faster at higher temperature, and in all cases
the rate of contraction falls off with time. These results are
broadly consistent with those of previous studies of sintering in
TCs[18-21] and of rates of stiffness change.[12,22] It is also clear
that more contraction occurs in the through-thickness direction
than in the in-plane direction. This effect does not appear to have
been reported previously for PS zirconia, although anisotropic
shrinkage has been observed for PS alumina.[23] The results sug-
gest that the intersplat spacing in the through-thickness direction
is reduced as splats sinter together. The effect is less pronounced
in the in-plane directions as a result of the high aspect ratio of the
splats.

3.4 Effect of Phase Transformations on
Measured Volume Changes

An estimate can be made of the magnitude of the volume
changes associated with relevant phase changes, or at least an

upper bound can be placed on them. There is particular interest
in the tetragonal-to-cubic transformation, since this is likely to
occur during extended heating at high temperature. This can be
seen from the phase diagram.[17] An upper bound on the ex-
pected volume change can be obtained by assuming that ther-
modynamic equilibrium is attained at the heat treatment tem-
perature. For example, at ∼1300 °C, up to ∼50% of the tetragonal
phase could be transformed to the cubic phase, for material with
an overall composition of about ZrO2-7 wt.%Y2O3. Since the
number of atoms per unit cell is the same for (all of the possible)
tetragonal and cubic phases, it is only necessary to establish the
volume of the unit cell in each case, which can be obtained using
lattice parameter values inferred from measured x-ray peak po-
sitions.* The composition also can be deduced from these mea-
sured lattice parameters (using Eq 1 and 2), although it may be
noted that the atomic weights of Zr and Y are so close that it is
not really necessary to take account of the composition when
estimating phase densities from lattice parameter data. Mea-
sured peak positions, lattice parameters, and unit cell volumes
are given in Table 2. It can be seen that a volume contraction of
up to about 0.5-0.6% might be expected when tetragonal mate-
rial containing about 7 wt.% Y2O3 transforms to 50% of F phase
containing 13 wt.% Y2O3 and to 50% of T1� phase containing 2
wt.% Y2O3. The corresponding linear contraction is thus about
0.2%. It can be concluded that phase changes are expected to
make only relatively small contributions to dilatometry data, in-
dicating linear contractions of the order of 1% or more. Thus,
these can be attributed primarily to microstructural changes as-
sociated with sintering effects. If anything, the effect of taking
phase transformation-induced linear contraction into account
would be to increase the deduced anisotropy of the sintering con-
traction.

4. Mechanical Characteristics

4.1 Stiffness Measurements

4.1.1 Cantilever Bending. This technique, which measures
the global in-plane stiffness of the coating, was applied to de-
tached, as-sprayed TCs. The value obtained was 10 ± 5 GPa.

*Of course, the x-ray data were obtained at room temperature, whereas
interest centers on the volume achieved at high temperature. However,
the difference in thermal expansion values between the cubic and tetrag-
onal phases was apparently[24] less than 1 × 106 K−1, so the possible
error from this source must be less than about 0.1% in linear dimensions.

Table 2 Measured X-Ray Peak Positions, Deduced Lattice Parameters, and Associated Unit Cell Volumes for Phases
Within Coatings, With and Without a Prior Heat Treatment

Phase/Treatment
Tetragonal T�/

As-Sprayed
Tetragonal T1�/

100 h at 1300 °C
Tetragonal T2�/

100 h at 1300 °C
Cubic F/

100 h at 1300 °C

2� for (004) K�1 degrees 73.139 73.030 73.236 …
2� for (400) K�1 degrees 73.981 74.447 74.217 73.738
c, nm 0.51737 0.51803 0.51678 …
a, nm 0.51231 0.50956 0.51091 0.51375
Y2O3, wt.% 7.8 1.7 6.3 13
Vol. of unit cell, nm3 0.13579 0.13451 0.13489 0.13561
�V/V, % 0 −0.94 −0.66 −0.13

Note: Phase compositions deduced from the lattice parameters, using Eq 1 and 2
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This was found to increase to around 60 ± 10 GPa after a heat
treatment of about 100 h at 1300 °C. It is known that the stiffness
of these materials varies with the applied stress level, tending to
be higher under compressive loading, which closes the micro-
cracks. In the present work, the applied stresses were in the range
±10 MPa, with associated strains of up to about ±1 millistrain. In
the results presented here, this effect is neglected, but it may be
noted that the resultant error in stiffness is probably[25] of the
order of ±5 GPa. This is a significant uncertainty, but the ob-
served trend of increasing stiffness after heat treatment is nev-
ertheless quite clear.

4.1.2 Nanoindentation. Measurements were made on a TC
that had been heat treated for 17 h with a high thermal gradient.
The data are shown in Fig. 7. A through-thickness gradient in the
stiffness is apparent. Near the TC/BC interface, values were
similar to those obtained with the as-sprayed TC, but near the
outer surface the average value increases, approaching that of
monolithic dense YSZ. There is, of course, quite a lot of scatter
in the data, since the value obtained is sensitive to the presence
or absence of neighboring fine-scale flaws. These results are
consistent with the microstructural observations, indicating pro-
nounced sintering near the outer surface. The absolute values of
Young’s modulus obtained using this technique are, as expected,
much higher than those given by methods that measure the glob-
al stiffness, since gross flaws affect the latter, but not the former.
Also, the indentation method senses the compressive stiffness
only, which is known to be larger than that achieved under ten-
sion in these materials, particularly at relatively high strains.

4.2 Stress State During Heat Treatment

A model developed by Clyne and coworkers[26-30] has been
used in the present work for the prediction of residual stresses
after spraying and subsequent heat treatments. The predicted ef-
fect of imposing a high through-thickness thermal gradient is
shown in Fig. 8. It can be seen that the stress level in the coating
is moved toward more compressive values when the thermal
gradient is imposed, particularly near the free surface. This is

expected to accelerate the rates of sintering and stiffening, since
it is now well established[12] that these processes are retarded by
the presence of tensile stresses, which hold open the microcracks
and pores.

5. Conclusions

The following conclusions can be drawn from this work.

• Detached TCs exhibit substantial reductions in linear di-
mensions during holding at elevated temperatures. These
linear contractions are greater in the through-thickness di-
rection than in the in-plane directions. This is thought to be
at least primarily associated with microstructural changes
induced by sintering processes, and the anisotropy is a con-
sequence of the splat and pore geometry in these coatings.
Any contributions arising from phase changes occurring at
high temperature are expected to be relatively small.

• The high thermal gradients commonly present in TBCs un-
der service conditions lead to widely varying conditions
within the TC. Sintering is likely to occur much more rap-
idly near the free surface, not only because the temperatures
are higher there, but because the residual stresses tend to be

Fig. 7 Stiffness data obtained by nanoindentation on a polished trans-
verse section of a TC after heat treatment in a thermal gradient (∼900 °C
at the interface, ∼1500 °C at the free surface) for 17 h

Fig. 8 Predicted through-thickness distributions of stress and tem-
perature in a TBC system (a) when isothermal at 1200 °C and (b) when
subjected to a high thermal gradient, similar to that used in the experi-
mental work
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more compressive. It is known that tensile stresses retard
the progression of sintering.

• Exposure to high temperatures near the free surface also can
induce phase changes, which may affect the microstructure
and perhaps the stress state. The as-sprayed TC is entirely
the so-called nontransformable tetragonal T� phase. Iso-
thermal heat treatment at 1300 °C generates material with a
significant proportion of the cubic (F) phase. After heat
treatment in a high thermal gradient, material near the BC
remained entirely composed of T�, whereas material near
the free surface was composed of a mixture of low-yttria
and high-yttria tetragonal phases (T�1 and T�2), which were
formed on cooling from the high-temperature tetragonal
(T�) and cubic (F) phases, respectively.
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