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Abstract

Superalloy substrates coated with plasma sprayed CoNiCrAlY
bond coats and yttria-stabilized zirconia top coats have been
subjected to a high heat flux in a controlled atmosphere
chamber. The sintering exhibited by the top coat under these
conditions has been studied and compared with the behavior
observed during isothermal heating, both when attached to the
substrate and when detached. Sintering has been characterized
by (a) microstructural examinations, (b) dilatometry, in both
in-plane and through-thickness directions, and (c) stiffness
measurements, using both cantilever bending and
nanoindentation. A numerical heat flow model has been used
to explore the stress state under isothermal and thermal
gradient conditions.  Sintering proceeds faster at higher
temperature, but is retarded by the presence of tensile stresses
(from differential thermal expansion between coating and
substrate) within the top coat. Sintering occurs preferentially
near the free surface of the top coat under gradient conditions,
not only because of the higher temperature, but also because
the in-plane stress is more compressive in that region.

Introduction

Failure of TBCs commonly occurs by buckling and spalling of
the top coat [1-7]. The strain tolerance of the top coat is
important and this has been extensively studied for both EB-
PVD and plasma sprayed systems. For plasma sprayed top
coats, this strain tolerance is enhanced by a high compliance,
which is largely a consequence of the presence of many fine
microcracks and pores in the microstructure. This low
stiffness inhibits the build-up of large stresses, and hence large
driving forces for spallation. Recent work [8] has confirmed
that, while APS and VPS top coats have low in-plane Young’s
moduli in the as-sprayed state, healing of microcracks due to
sintering raises the stiffness substantially during holding at
temperatures similar to those experienced in service. This
stiffening will raise the strain energy release rate associated

with a given misfit strain and hence make spallation more
likely.

It is also important to recognize that service conditions involve
the presence of a high through-thickness thermal gradient,
which will modify the residual stress distribution. This will
affect the driving force for spallation and might also be
expected to influence the sintering characteristics. The current
paper is aimed at investigating the thermo-mechanical stability
and spallation of TBCs, with particular reference to the effect
of a high thermal gradient.

Experimental Procedures

Coating Production. The powders were supplied by Sulzer-
Metco (US) Inc. The bond coat material, designated
Amdry 995C, has a nominal composition (in wt%) of
Co0-32Ni-21Cr-8A1-0.5Y. The top coat was yttria-partially-
stabilized-zirconia (ZrO,-7wt%Y,0;), designated 204NS-1.
The powers were deposited onto Nimonic 80A substrates 50
mm thick and mild steel substrates 1.5 mm thick. Specimens
were produced by vacuum plasma spraying (VPS) of the bond
coat, followed by air plasma spraying (APS) of the top coat,
using the conditions shown in Table 1. The bond coats were
about 140 um in thickness and the top coats varied between
about 1.5 and 2.6 mm.

Table 1: Plasma Spraying Parameters.

Spraying Parameters Deposit Material
CoNiCrAlY Zr02-Y203
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 (I min™) 50 50
H, flow rate (I min™) 10 8
Chamber pressure (mbar) 200 (Ar) 1000 (air)




Heat Treatment. A specially designed heat treatment rig was
employed, in which a high thermal gradient could be
maintained. A schematic of the set-up, and a photo of the rig,
are 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
holding time at temperature, for each thermal cycle, was 1 h
and samples were allowed to cool to room temperature before
being re-heated. Heating rates were ~20 K min™ and cooling
rates ~30 K min™'. The thermal gradient was monitored and
controlled by four thermocouples embedded in the substrate.
The chamber incorporated a viewing window. The
temperature at the free surface of the top coat was monitored
using an optical pyrometer. Isothermal heat treatments of
detached samples were also performed in the same chamber,
at temperatures in the range 1200-1400°C. A vacuum of
2 x 10™ mbar was maintained throughout.
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Figure 1: The high thermal gradient rig: (a) schematic
diagram and (b) photo taken during operation.

A TBC with a 2.65 mm thick top coat was thermally cycled,
such that the specimen spent a total of 47 h at the maximum
temperature. The thermal profile at steady state is shown in
Fig.2. Experimental data are shown from the thermocouples
and the pyrometer, together with predictions from a numerical
heat flow model [9, 10]. It can be seen that the thermal profile
is consistent with a top coat conductivity of about
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Figure 2: Thermal profile through the thickness of the TBC
system at steady state. The modeled profiles correspond to
three different values for the thermal conductivity of the top
coat.

Dimensional, Stiffness and Microstructural Changes. Length
changes during heat treatment were measured with a Netzsch
DIL 402C dilatometer. Dilatometry was performed on
detached top coats, in both in-plane and through-thickness
directions. Top coats were detached from steel substrates
using hydrochloric acid. Top coat fracture surfaces were
examined using a JEOL 5800LV scanning electron
microscope. Stiffness measurements were made using both
cantilever bending and nanoindentation.  Details of the
cantilever bend testing are given elsewhere [8].
Nanoindentations were made on polished transverse sections,
using a MicroMaterials NanoTest 600 indenter. Regions
remote from obvious microcracks and pores were chosen for
performing indentations. The maximum load was 100 mN
and the loading rate was 5.1 mN s”'. X-ray diffraction for
phase identification was carried out using a computer-
controlled Phillips PW1710 diffractometer, to study top coat
phase constitutions

Dilatometry

Dilatometry data are presented in Fig.3.  The linear
contraction is plotted against time at temperature. Contraction
(shrinkage) occurs due to sintering of the coatings. For a
given direction, 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 previous studies of
sintering in top coats [11-14] and of rates of stiffness change
[8, 15]. 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.
The pore shape and distribution in plasma sprayed coatings,
which are such that the inter-pore spacings are lower in the
through-thickness direction, are probably responsible for this
effect. A model for the sintering process is currently being
developed, in which matter redistribution is such that
contraction is expected to be greater in the through-thickness
direction.
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Figure 3: Dilatometry plots obtained during heat treatment of
detached top coats.

Microstructural Examination

Isothermal heat treatment. Figure 4 shows SEM micrographs
of fracture surfaces of YPSZ. As-sprayed coatings exhibit the
characteristic splat structure of PS coatings. The grain
structure within individual splats is columnar. Microcracks
and pores are also present. Heat treatment results in grain
growth between splats in close physical proximity. There is
also evidence of the healing of microcracks.

Heat Treatment Under a High Thermal Gradient. Figure 5
shows SEM micrographs of the top coat after heat treatment
with a thermal gradient. It can be seen that, near the TC/BC
interface, there has been relatively little sintering.
Microcracks are still present and 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 morphology.

Figure 4: SEM micrographs of fracture surface of ZrO,-Y,0;
top coats (a) as-sprayed and (b) after isothermal heat
treatment at 1300°C for 100 hours.

Phase Constitution

XRD spectra obtained from top coats are presented in Figs.6
and 7, covering 20 ranges in which characteristic peaks appear
when the tetragonal, monoclinic and cubic phases exhibited by
YSZ are present. Figure 6 shows that essentially only the non-
transformable tetragonal T' phase is present throughout the as-
sprayed top coat and also in the thermal gradient treated
material, close to the interface with the bond coat. Just a trace
of the monoclinic phase is evident in these scans. In Fig.7, on
the other hand, it can be seen that relatively high levels of the
cubic (F) phase (~35% from peak area analysis) are present in
the isothermally heat treated material. In the thermal gradient
treated material located near the free surface, on the other
hand, the XRD spectra indicate a mixture of low- and high-



yttria tetragonal phases (T'l and T'2), which were formed on
cooling from the high temperature tetragonal (T) and cubic (F)
phases respectively. These results are broadly consistent with
features of the ZrO,-Y,0; phase diagram [16].

Figure 5: SEM micrographs of a ZrO,-Y,0; top coat after
exposure to a high thermal gradient for 17 h, (a) near the
TC/BC interface and (b) near the TC outer surface.

Stiffness Measurements

Cantilever bending. This technique, which measures the global
in-plane stiffness of the coating, was applied to as-sprayed top
coats. The value obtained was 10 +/-2 GPa. This was found
to increase to around 60 +/-10 GPa after a heat treatment of
about 100 h at 1300°C.
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Figure 6: XRD spectra in the 26 range 27-32° and 72-75° for
ZrO,-Y,0; top coats, (a) & (b) as-sprayed and (c) & (d) after
gradient heat treatment (Fig.2), near the interface with the
bond coat.
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Figure 7: XRD spectra in the 26 range 27-32° and 72-75° for
ZrO,-Y,0; top coats, (a) & (b) after isothermal heat treatment
for 100h at 1300°C and (c) & (d) after gradient heat
treatment (Fig.2), near the free surface.

Nanoindentation. Measurements were made on a top coat that
had been heat treated for 17 h under high heat flux conditions.
Data are shown in Fig.8. A through-thickness gradient in the
stiffness is apparent. Near the TC/BC interface, values were
similar to those obtained with the as-spayed top coat, 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 will be sensitive to
the presence or absence of neighboring fine scale flaws.
These results are consistent with the microstructural



observations, indicating pronounced 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 global stiffness, since gross
flaws affect the latter, but not the former.
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Figure 8: Stiffness data obtained by nanoindentation on a
polished transverse section of a top coat after heat treatment
in thermal gradient for 17 h.

Stress State during Heat Treatment

A model developed by Clyne and co-workers [10, 17-20] has
been used in the present work for prediction of residual
stresses after spraying and subsequent heat treatments. The
predicted effect of imposing a high through-thickness thermal
gradient is shown in Fig.9. It can be seen that the stress level
in the coating is moved towards 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 [8]
that these processes are retarded by the presence of tensile
stresses — which hold open the microcracks and pores.

Conclusions

The following conclusions can be drawn from this work:

e The rate of sintering of plasma sprayed top coats in TBC
systems is greater at higher temperatures and in the
presence of more compressive in-plane residual stresses.

e The linear contractions associated with sintering are
greater in the through-thickness direction than in the in-
plane directions. This is a consequence of the splat and
pore geometry in plasma sprayed top coats.

e The high thermal gradients commonly present in TBCs
under service conditions lead to widely varying
conditions within the top coat. Sintering is likely to occur
much more rapidly near the free surface, not only because
the temperatures are higher there, but because the residual
stresses tend to be more compressive.

e Exposure to high temperatures near the free surface can
also induce phase changes, which may affect the
microstructure and the stress state. The as-sprayed top
coat is entirely the non-transformable tetragonal T' phase.
Isothermal heat treatment at 1300°C generated material
with a substantial proportion of the cubic (F) phase. After
heat treatment in a high thermal gradient, material near
the bond coat remained entirely T', whereas material near
the free surface was composed of a mixture of low- and
high-yttria tetragonal phases (T'; and T';), which were
formed on cooling from the high temperature tetragonal
(T) and cubic (F) phases respectively.
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Figure 9: Predicted through-thickness distributions of stress
and temperature in a TBC system (a) when isothermal at
1100°C and (b) when subjected to a high thermal gradient,
similar to that employed in the experimental work.
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