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Abstract: The surface crack initiation mechanism in a multilayer zirconia/metal
coating on a steel substrate was determined to be tensile stresses which are gen-
erated by cooling after relaxation of the compressive stresses at high temperature.
This crack inijtiation criterion is utilized to study the architectural design of a
functionally graded coating. © 1996 Elsevier Science Limited and Techna S.r.1.

1 INTRODUCTION

The next generation of heat engines will have to
sustain increasingly larger temperatures. In order
to achieve such high temperature environments the
metallic parts will have to be protected. Ceramic
coatings offer an excellent way of insulating and
protecting metallic components. However, the
thermal cyclic loads applied to these materials
result in their cracking, delamination and spalling.
In order to prevent or delay such failures, the
mechanisms which cause initiation and propaga-
tion of the cracks need to be understood. Several
studies have considered the time to spalling under
different thermal loading conditions.'”> In this
article, the research of the present authors related
to determine the initiation of the first surface crack
under controlled transient thermal loads is reviewed.

2 SURFACE CRACK INITIATION
MECHANISM

The specimens shown in Fig. 1 were used for this
research. They consist of a steel beam with a
plasma-sprayed multilayer coating. The layers are
graded such that the steel is coated with a bond
coat (CoCrAlY), then 40% zirconia/60% bond
coat, followed by 85% zirconia/65% bond coat
and finally 100% zirconia.
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The experimental set-up is shown in Fig. 2. It
consists of two high-intensity focused infrared
lamps which project a line heat flux at the centre of
the surface of the specimen. The bottom of the
substrate is cooled via contact with a water cooled
plate. The effect of subjecting the specimen to
such heating is shown in Fig. 3, which defines the
quantitative boundary conditions for the transient
heat transfer into the specimen.

The experiment performed consisted of heating
the surface of the specimen until steady-state, leave
it at this temperature distribution for two hours
and allowing it to cool to room temperature. The
temperature distribution which results from heating
is shown in Fig. 4. In all cases it was determined
that a surface crack formed underneath the lamp,
in the region where the heat flux was focused.

In order to determine the reasons for such crack
initiation the experiment was modelled using the
finite element method. The details of this calcu-
lation have been presented elsewhere and will not
be repeated here.*> The stress distribution was
calculated in four consecutive steps which con-
sisted of: (1) calculating the residual stresses caused
by cooling from a uniform steady-state tempera-
ture of 590°C; (2) determining the stresses caused
by the steady-state temperature; (3) letting the
stresses relax for 2 h based on an assumed power
law relationship shown in eqn (1) below; (4) calcu-
lating the stresses caused by uniform cooling to
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heating of the surface increases the compression
which relaxes during the 2 h. Subsequent cooling to
room temperature results in a tensile stress which
causes the cracks to initiate. This mechanism was
also confirmed through measurements of time-
dependent strains on the substrate in a different
specimen configuration.®

3 EFFECT OF COATING ARCHITECTURE
ON SURFACE-CRACK INITIATION

The experiments and analysis described above were
used to determine the mechanism of crack initi-
ation in zirconia. In order to provide a more sys-
tematic study of the effect of changing the
architecture to a functionally graded coating, a
transient analysis was performed on a simplified
model. The surface heat flux was changed to a
uniform convective heating condition so that a
one-dimensional heat transfer model could be uti-
lized. The stresses were calculated by using a
multilayer beam model. The details of this model
are presented elsewhere and will not be repeated
here.’

The maximum transient stresses at the surface of
a linearly distributed coating (see Fig. 6) during
cooling following stress relaxation are shown in
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Fig. 7 as a function of coating thickness. It can be
noted that a multilayer, graded coating experiences
a smaller stress and thus will be more resistant to
surface crack initiation.

It can also be noted that as the thickness of the
entire coating increases, the stress becomes larger.
However, it may be possible to select a multilayer
thick coating which will experience a stress similar
to a thin single layer coating. Thus, this informa-
tion allows for a design selection process for a
functionally graded coating. .

Another parameter which defines the archi-
tecture of the coating is the distribution of the
layers. This distribution describes the relative
thicknesses of the coating layers in relation to their
composition. In this analysis, the total coating
thickness (z.) is held constant, while the thicknesses
of the individual layers are varied. The distribu-
tions are defined by eqns (2) and (3).

I

=T

(n% —1) (2)
e

n_l(l—lnzf) (3)

Vs =

where Z; is percentage of zirconia, y is distance
from substrate, n is thickness distribution constant.

These equations allow exponential and logarith-
mic layer distributions antisymmetric about the
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linear distribution for a single value of #n. Example
distributions are shown in Fig. 8. The resulting
coatings that vary exponentially (Exp) and loga-
rithmically (Log) for a 4 layer system are illustrated
in Fig. 9. The substrate thickness is 1.27 cm and
the coating analysed is 0.2036 cm thick and has
four layers.

The steady state surface temperatures vs ¢/t for
different layer distributions are shown in Fig. 10.
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The “Log” and “Exp” in the legends of these
figures represent logarithmic and exponential. The
surface temperature is largest for the exponential
distribution with n=125 because this coating has
the greatest amount of zirconia of any of the coat-
ings. The coating with the logarithmic distribution
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Fig. 10. Steady-state surface temperatures vs coating thick-
ness for a 4 layer system.
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(n=125) has the least amount of zirconia and thus
it has the lowest surface temperature. The thicker
coatings all experience a higher surface tempera-
ture than the thin coatings.

The maximum stresses during cooling, for each
configuration are shown in Fig. 11. The thick (z./
t;=0.32) exponential distribution coating with
n =125 relaxes more and has a surface stress of 350
MPa during cooling after stress relaxation. The
Log, n=125 (t.,/t;=0.02) coating has the smallest
temperature gradient and a maximum surface
stress of only 60 MPa. Note that the slope of the
maximum surface stress vs 7./t is much steeper for
a small thickness ratio. This is because the surface
temperature also has a steep slope in this thin
coating range. Thus, when the coating is in this
thin range, a small change in thickness will have a
larger effect on the maximum stress than when the
coating is thick.

4 CONCLUSIONS

The results presented here show that surface cracks
in multilayer graded ceramic thermal barrier coat-
ings initiate because of tensile stresses which are
generated by cooling that follows relaxation of
compressive stresses at high temperature.

This failure mechanism is used as the criterion
for determining the effect of layer architecture on a
functionally graded coating. The results show that
a graded system which is relatively thick will have a
resistance to thermal crack initiation similar to that
of a thinner single layer coating.

The non-linear distribution of the coating archi-
tecture with the smallest amount of zirconia results
in the smallest surface stresses. However, these
results show that a particular design can be selected
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which will satisfy the stress requirements of a given
application.

It is clear that the careful study of failure mech-
anisms is critical to the successful design of func-
tionally graded ceramic thermal barrier coatings.
However, many more issues related to determi-
nation of properties, crack initiation mechanisms
at interfaces, thermal fatigue behaviour need to be
studied in order for these materials to become visible
in heat engine applications.
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